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RHIC POWER SUPPLIES: LESSONS LEARNED FROM THE 1999 - 2001 
RHIC RUNS* 

D. Bnmo^, W. Eng, G. Ganetis, R.F. Lambiase, W.Louie, J. Sandberg, C. Schultheiss 
Brookhaven National Laboratory, Brookhaven Science Associates, Upton, NY, 11973, USA 

Abstract 
The Relativistic Heavy Ion Collider (RHIC) was 

commissioned in 1999 and 2000. The two RHIC rings 
require a total of 933 power supplies (PSs) to supply 
currents to highly inductive superconducting magnets. 
These units function as 4 main PSs, 237 insertion region 
(IR) PSs, 24 sextupole PSs, 24 Gamma-T PSs, 8 snake 
PSs, 16 spin rotator PSs, and 620 correction PSs. PS 
reliability in this type of machine is of utmost importance 
because the IR PSs are nested within other IR PSs, and 
these are all nested within the main PSs. This means if 
any main or IR PS trips off due to a PS fault or quench 
indication, then all the IR and main PSs in that ring must 
follow. When this happens, the Quench Protection 
Assemblies (QPA's) for each unit disconnects the PSs 
from the circuit and absorb the stored energy in the 
magnets. Commissioning these power supplies and QPA's 
was and still is a learning experience. A summary of the 
major problems encountered during these first three RHIC 
runs will be presented along with solutions. 

1 INTRODUCTION 
The idea behind this paper is not to merely list detailed 

problems and solutions but to give an overview of the 
major problems and how they can be avoided the next 
time. Some detailed problems will be given but they will 
be used mostly as examples. Of course not all problems 
can be avoided completely but the more that are tackled 
up front then the less you have to deal with when the 
machine is ruiming. 

2 MANUFACTURING PROBLEMS 

2.1 Some P. S. Manufacturer Problems 
Dealing with manufacturers of the power supplies, at 

their facility, is where a lot of the problems you encounter 
can be taken care of up front. 
• PSs, from the unipolar IR PS manufacturer, were 

very dependable when it came to the power 
components such as the transformers, chokes, and 
SCR's but the electronics they designed gave us no 
end of grief We had problems with their voltage 
regulator card, firing card and DCCT electronics. 

• The unipolar IR PS manufacturer also, had a problem 
with the way they energized the main contactor with 
a solid-state relay. This gave us problems because 
they did not place an MOV across the solid-state 
relay. A chattering main contactor would result. 

*Work performed under Contract No. DE-AC02-98CH10886 
with the U.S. Department of Energy. *bruno@bnl.gov 

• Some other problems encountered with the unipolar 
IR PS manufacturer were loose bus cormections and 
mis-wiring to the isolation amphfier board. 

• The bipolar PS manufacturer that was chosen needed 
to be shovra how to design parts of the PSs. correctly. 
You should be worried about this manufacturer from 
the start but you may not have a choice because he 
may be the lowest bidder. 

• The bipolar PS manufacturer was also very, very late 
with the PSs because of the small facility they had 
and limited experience with building these PSs. 

2.2 Some P.S. Manufacturer Solutions 
• For any manufacturer, closer monitoring at the 

facility would have helped solve many of these 
problems. Some of these problems could have been 
avoided if someone was up at the manufacturer 
watching a lot more of the manufacturing process 
and watching a lot more of the testing that was taking 
place. 

• Choosing a manufacturer that is close also helps 
because it is easier to make more trips, even 
unscheduled ones. 

• Also, with the unipolar IR PS manufacturer, if we 
had looked into the history of their electronics we 
would have seen they were not very dependable in 
this area. This could be difficult to do. Asking other 
people who have used their power supplies is a good 
way to gauge what kind of problems we might have 
had with their electronics. The other way to avoid 
this is to use manufacturers of firing cards and 
DCCT's (or whatever electronics it may be) that are 
known to be dependable and at the top of their field. 
You can also design some of the electronics yourself 
This is helpful because all the cards are the same. 

• Testing. It would have been great if the manufacturer 
would be able to provide a load, which is as close as 
possible to the real load. This would bring out a lot 
problems that you wouldn't see until you get onto the 
real load. A bum in that lasts as long as 24 hours is a 
very good thing but sometimes not enough. Now the 
whole Power supply (PS) cannot be put into an 
environmental chamber but the electronics can and 
running those electronics with variations in 
temperature and humidity would have brought out a 
lot of problems for us much earher. 

• Always be suspicious of anything designed from 
scratch specifically for your PS Always check that 
standards are being met, such as the proper spacing 
for pins for a 208VAC connection. 
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• Use connections which are very reliable and don't 
fail if they are removed and replaced many times. 

2.3 Some QPA Manufacturer Problems 
• One of the biggest problems we had with the QPA's 

in the beginning were these QPA fan faults that were 
not real. The fans were working but the wrong type 
of switch was used. An AC switch was used instead 
of a DC switch, the wrong type of air vane was used 
and one problem we still have is that these switches 
are not sealed. Since we do not have the cleanest PS 
buildings we find that over time dust, dirt and 
moisture gets into the switches and they have to be 
removed and replaced because the contacts in the 
switch get dirty. 

• Another problem we had with the QPA's were the 
transformers on the controller cards. These were 
mounted on the PC board. After the PC board was 
finished the manufacturer cleaned the boards off with 
water, which went into the transformers, and over 
time they started to fail. All of the transformers were 
replaced. 

• These QPA's contain IGBT's. The IGBT's have 
IGBT driver cards, which the manufacturer designed. 
When there was an AC power dip one of the chips on 
this card would fail. The card was re-designed so this 
would not happen anymore. 

2.4 Some QPA Manufacturer Solutions 
Once again closer monitoring of the manufacturer could 

help catch more of these problems but not all. The 
transformers being contaminated by water someone may 
have seen if they were there more often. However, some 
of the design issues are usually left up to the 
manufacturer, such as, buying the right type of switch or 
designing an IGBT driver card correctly. It is difficult to 
catch all of these design problems when something as 
custom as this is being made. Looking at all aspects of the 
design in greater detail and asking a lot of questions about 
the design may have caught some more of these problems, 
if you have the time and the people. These problems cost 
the machine a lot of downtime and they have almost all 
been fixed. We are still looking at replacing the switches 
with sealed types. A bum in for an extended period of 
time might have also caught a lot of these problems. 

3 SYSTEM INTEGRATION PROBLEMS 

3.1 PLC/Node Card/Fiber Optic Interface Card 
In order to test these power supplies locally the control 

system must be up and running and you need a laptop or a 
terminal nearby to send commands from. The commands 
are OFF, STANDBY, ON or RESET. These start from the 
Front End Computer (FEC) go to the PLC and then to a 
node card, which distributes the commands to as many as 
12 different power supplies. The fiber optic interface card 

receives its signal from waveform generators, which 
reside in the FEC and then convert this signal to an analog 
signal to run the PSs up in current. There has been many 
times where one could not test the PSs. locally because 
the control system was down. There should be a way of 
just going up to a PS and plugging in one connector and 
controlling the whole PS from a laptop computer without 
any dependence on the control system. This would have 
saved a lot of time. If this did exist it would still be 
difficult to use in a p.s. setup that exists in RHIC because 
of something called the quench link. Since many of the 
PSs are nested, those nested PSs must all trip off if there 
is a p.s. fault or a magnet quench. Testing PSs 
individually still requires the quench detection system to 
be up to protect the magnets and the PSs. However, there 
are some PSs that are not nested and those could be tested 
locally without being as dependent on the control system. 

3.2 Software Level Diagnostic Tools 
In a nested p.s. system like this the more tools you have 

for determining what caused the quench link to drop the 
better off you are. Having these tools as early as possible 
also helps tremendously. We did not have all of these at 
the beginning and that made finding problems much more 
difficult and time consuming. Here are some of the tools, 
which we do use now: 
• There is a page called a Quench Summary page, 

which tells you which building drops first when the 
main quench link drops. We did have this tool during 
the first run. 

• There is a new tool called a Timing Resolver. After 
you have determined what building dropped the link 
first, the Timing Resolver will tell you what brought 
the link down first in the building you are looking at. 

• There is something called a Post Mortem viewer. 
This saves all of the analog PSs setpoint, current, 
voltage and error signals for 3 seconds before a 
quench link trip and 1 second after this trip. Using 
this you can often determine which p.s. caused the 
link to drop in the building first. This tool also helps 
in troubleshooting the problem. This data is saved at 
720Hz. 

• There is a tool called snapshot, which is used for PSs 
on and off the main link. This gets triggered on any 
p.s. fault and saves the same four waveforms to look 
at for troubleshooting purposes. It saves the data for 
a longer period of time at 30Hz. There is not as much 
detail here as the 720Hz data but you have a much 
longer time span you are looking at. 

• There is a tool called snapramp, which stores all of 
the ramps for all of the PSs. This allows you to see 
how the p.s. is performing while ramping. It also 
allows you to compare ramps from one p.s. to 
another p.s. 

• There is a tool called BARHSOW, which also saves 
the ramps of the PSs, and this allows you to compare 
many different ramps of the same p.s. 
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• There is a tool called PSCOMPARE, which 
calculates the difference between whatever analog 
signals you select and they can also be compared 
against the wfg signal that is sent to the p.s. 

• There is an Alarm Log as well which gives you the 
history of the p.s. faults 

• There is something called QDPLOT which is 
associated with the quench detector and the magnet 
voltage taps and the p.s. current signals. This is used 
to determine if a magnet has quenched. This has been 
made more user friendly by sending information on 
which magnet has quenched to a Real Quench page 
that anyone can read. 

• There is a page called PSALL that allows you to look 
at all of the RHIC PSs in both rings by building or 
p.s. type. 

• The procedure for bringing the main quench link up, 
before the PSs are even turned on, is not simple and 
takes a long time when done manually. Only an 
expert was able to do this. Now programs have been 
written to do all of these steps automatically. They 
are still being improved upon. 

4 TESTING 
Testing at the manufacturers facility is very important 

and the more that is done the better. However, once we 
received the PSs it was even more important to run the 
PSs on the real load and in real building (environmental) 
conditions for at least two months. Just determining what 
time constants were needed for the unipolar nested IR 
PSs, and installing these time constants, took about 2 
weeks. They were not optimized at the time and we are 
still going back and doing this today. Many problems 
were encountered because we were learning about all of 
the new p.s. problems and we were trying to integrate the 
PSs into the whole system, which was brand new. This 
system integration included not only p.s.' but also QPA's, 
the quench detection system (quench link), waveform 
generators, fiber optic interface cards, an MADC (analog 
readback) system, and a NODE CARD to PLC system for 
p.s. controls. These are the main ones but problems were 
found with each and every one of these systems, some of 
which we are still trying to correct 4 years later. Not all of 
them are big problems but they still need to be dealt with. 
Having people available from all of the different groups 
while this testmg is going on is also a big help. Extended 
bum in times is a high priority test and even turning off 
and on the circuit breaker feeding the equipment while the 
equipment is running is a good idea to see how well the 
equipment survives. This would simulate power failures. 

5 SUPPORT 
During the construction phase there were a limited 

number of engineers and technicians. Some of these 
engineers and technicians stayed on during normal 
operations and they were the ones that would keep the 
power supplies running at first. This needed to change and 
it slowly is changing. At first only the engineers could fix 

the problems because they did not know what the 
problems were. After learning what the major problems 
were the technicians would be called in to fix the 
problems with or sometimes without the engineers. The 
next step was to write procedures and train the support 
people on shift 24 hours a day to make the repairs, if they 
were routine, and after consulting with the engineer. This 
has been a slow process but it is happening. During this 
last run a lot of progress has been made and the support 
people on shift have been making a lot of the more of the 
routine repairs after consulting with the engineer. Then 
again a lot of the major problems have been fixed so the 
workers on shift have not had as many problems to deal 
with. Many procedures have been written to assist with 
these repairs. A web page for the collider electrical ps. 
group has been developed so anyone can get to these 
procedures and any other documentation that deals with 
the PSs or QPAs. The web page for the Collider Electrical 
PS Group is http://www.c-ad.bnl.gov/ceps/default.htm. 

6 DOCUMENTATION 
Documentation of existing PSs, QPA's or whatever is 

being used in the system is very important not only to the 
engineer but almost more important to people who are not 
familiar with the equipment. If you are responsible for a 
piece of equipment and you go on vacation then someone 
else must know where the documentation is to fix it and 
the docimientation must exist, in a readable format. 

Docimientation of each and every problem that creates 
machine downtime must also be done and this in itself can 
be a full time job. From this documentation many of our 
major shutdown lists get generated to fix the problems 
that cost the machine downtime. A philosophy of 
documenting, and understanding each and every fault 
must be followed so that all problems that exist can be 
accounted for and fixed. This will lead to an improvement 
in machine reliability 

7 CONCLUSION 
There are many things that can be done the second time 

around to reduce the number of problems we had when 
we commissioned and ran the RHIC PSs and QPA's but 
without the time and the people it would still be very 
difficult. That is why it is so important to choose the right 
manufacturer for the job, pay close attention to then- 
design and do as much testing as you can at their facility. 

The authors would like to thank the many technicians 
and supervisors who worked along with us to keep the 
power supplies and QPA's running. Some of these are 
Rich Conte, Sonny Dimaiuta, Mitch Delavergne, Joe 
Drozd, Gregg Heppner, Brian Karpin, Rich Kurz, Bob 
McCarthy, John McNeil, Rich Meier, Tom Nolan, Dan 
Oldham, Jim Osterlund, Fred Orsatti, Paul Ribaudo, 
Eugene Rupp, Jeff Wilke, Ed Weigand, Doug Wood, and 
Ron Zapasek. 
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BOOSTER MAIN MAGNET POWER SUPPLY IMPROVEMENTS FOR 
NASA SPACE RADIATION LABORATORY * AT BNL * 

I. Mameris, K.A. Brown, J.W. Glenn, A. Mc Nemey, J. Morris, J. Sandberg, 
S. Savatteri. 

Brookhaven National Laboratory, Upton, New York 11973 USA 

Abstract 
The NASA Space Radiation Laboratory (NSRL), 
constructed at Brookhaven National Laboratory, under 
contract from NASA, is a new experimental facility, 
taking advantage of heavy-ion beams from the 
Brookhaven Alternating Gradient Synchrotron (AGS) 
Booster accelerator, to study radiation effect on humans, 
for prolonged space missions beyond the protective 
terrestrial magnetosphere. This paper describes the 
modifications and operation of the Booster Main Magnet 
Power Supply (MMPS) for NSRL applications. The 
requirement is to run up to 1 sec flattops as high as 5000 
Amps with 25 % duty cycle. The controls for the Main 
Magnet Power Supply were modified, including the 
Booster Main Magnet application program, to enable 
flattop operation with low ripple and spill control. An 
active filter (AF) consisting of a +/- 120 volts, +/-700 
Amps power supply transformer coupled through a filter 
choke, in series with the Main Magnet voltage, was added 
to the system to enable fiirther ripple reduction during the 
flattops. We will describe the spill servo system, designed 
to provide a uniform beam current, during the flattop. 
Results from system commissioning will be presented. 

PARAMETERS 
The Booster MMPS consists essentially of six pairs of 
thyristor controlled power supplies connected in series 
(the actual implementation is in 2 stations). Each pair is a 
24 pulse controlled rectifier, rated at +/-1000 volts dc, see 
Figure 1. For NSRL application only TAB and IIAB 
power supplies are used, because they are rated for 5000 
Adc, while the rest of the units are rated for 2800 Adc. 
During the flattop only lAB unit will be on while IIAB is 
in bypass. The key parameters for the Booster MMPS are 
shown in Table 1. 

Table 1: Booster MMPS ratings 
Voltage dc max at 2800 amps dc max 
Voltage dc max at 5000 amps dc max 
Current dc max at +/-6000 V dc max 
Current dc max at +/-2000 V dc max 
Fundamental Ripple Frequency 
Magnet Resistance (R) 
Magnet Inductance (L) 
Nominal pulse rep. Rate for NSRL 
Nominal Flattop for NSRL 
3600 KVA Transformer primary current 
rms 

+/- 6 kV 
+/- 2 kV 
2800 A 
5000 A 
1440 Hz 
0.107 D 
0.145 H 
4 sec 
1 sec 
150 A 

*Woric performed under Contract Number DE-AC02-98CH10886 with 
the auspices of the US Department of Energy 
# Formerly known as Booster Application Facility 

Even though the units ^e operated as 24-pulse controlled 
rectifiers, the ripple requirement at flattop is very 
stringent. Note that running the power supply for NSRL 
application at 5000 A, with 1 sec flattop and a repetition 
rate of 4 sec, the 3600 KVA transformer's primary current 
was measured to be 145 A rms, which is very close to the 
rating of the tt-ansformer see Table 1. For that reason the 
Nominal pulse repetition Rate for NSRL was set to 4 sec 
with a Nominal Flattop of 1 sec, under the worst case 
flattop current of 5000 A. 

ALGORITHM MODIFICATIONS 

As noted in the previous paragraph, the Booster MMPS 
consists essentially of six pairs of thyristor conttolled 
power supplies connected in series. There are bypass 
SCR's across every pair, except pair lAB. There is a 
Booster application program that calculates 6 voltage 
references and one current reference, based on a required 
magnetic field pulse. If the required magnet voltage is 
2000 volts as it is the case for NSRL application, only 
pairs lAB and IIAB are used. The rest of the pairs are in 
bypass mode, meaning that the bypass SCR's are ttimed 
on automatically. During the 5000 A flattop however, the 
flattop voltage is 535 volts dc. With the original algorithm 
of the Booster application program, unit IIAB was firing 
at 0 volts during the flattop, and unit lAB was firing at 
535 volts. As a result the ripple from unit lAB was added 
to the ripple from unit IIAB and this resulted in 
unnecessary voltage ripple during the flattop. Note that 
the most contribution to beam spill modulation, is due to 
the voltage ripple of the Booster MMPS during the 
flattop. The Booster application program, was as a result 
modified, to place unit IIAB in bypass mode during the 
flattop, since the total voltage needed 535 volts dc, was 
accommodated by unit lAB. At the end of the flattop 
however, unit IIAB had to be ttimed on to ramp down the 
current, using -1000 volts. For that reason the Booster 
application program was also modified, so that unit 
IIAB's voltage reference was becoming positive for 50 
msec with an amplitude of 100 volts to commutate the 
bypass SCR off and then was going negative to -1000 
volts. 

ACTIVE FILTER DESIGN 
As mentioned above, one of the most critical 

contributions to beam spill modulation, is due to the 
voltage ripple during the flattop of the Booster MMPS. 
The   fimdamental  frequency  at  flattop   is   1440  Hz. 
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However we have harmonics mostly at 60 HZ, some at 
120 Hz, 180 Hz, 240 Hz, 300 Hz and 360 Hz, see Table 2. 
The damped passive filter at the output of the MMPS is a 
40 db per decade filter with the 3-db point set to 400 Hz. 
As a result this filter attenuates frequency harmonics 
above 400 Hz without any attenuation at fi-equency 
harmonics below 400 Hz. The MMPS voltage ripple 
requirement by the spill, is an order of magnitude of 1 to 3 
volts peak, for frequencies below 500 Hz. Therefore, in 
order to create a filter with the robustness required by the 
continuous and flexible operation of the Booster, it was 
decided to use a series transformer/choke as the coupling 
element to the MMPS circuit. Note that this design is 
already implemented as part of the AGS MMPS for the 
same reasons, with great success. The idea was to derive 
the ac component of the Booster MMPS voltage ripple 
during the flattop and inject it, 180 degrees out of phase 
as a voltage reference, into a voltage regulated power 
supply, connected to the series transformer/choke with the 
Booster magnets. As a result the coupled voltage through 
the transformer/choke would cancel out the actual Booster 
MMPS voltage ripple. A voltage regulated power supply 
rated at +/-120 Vdc, +/-700Adc, drives the series 
transformer/choke. The ac ripple during the flattop of the 
Booster MMPS, is fed into tuned filters with adjustable 
gains and phases, and the output of the tune filters drives 
the power supply. The tuned filters are tuned to correct 60 
Hz, 120 Hz, 180 Hz, 240 Hz, 300 Hz, and 360 Hz. The 
power driver is a commercial, bipolar, 4-quadrant, switch 
mode power supply. The switching frequency is -44 kHz, 
which results in a constant voltage full power bandwidth 
of 1.5 kHz. The input voltage is 480V three phase and can 
be disabled through a fiise disconnect switch. The back 
EMF from the Booster MMPS while the Booster MMPS 
is pulsing at +/- 6000 Vdc, is 20 Vdc peak-to-peak. The 
inductance of the transformer/choke was measured to be 
25 mH and the resistance of it was measured to be 100 
mSl. Figure 1 is a block diagram of the overall system. 
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Figure 1: Booster MMPS block diagram 

ACTIVE FILTER RESULTS 
The active filter power supply system was fully 
commissioned with very encouraging results. We run a 
3000 amps NSRL cycle for the Booster MMPS, with 0.5 
sec flattop and a repetition rate of 5 sec. This cycle was 
being used to commission the NSRL extraction line. With 

the active filter power supply off, we measured 55 volts 
peak to peak, magnet voltage ripple during the flattop. See 
oscilloscope Figure 2. Then we turned on the active filter 
power supply and independently adjusted the gain and 
phase of the tune fihers feeding the active filter power 
supply for 60 Hz, 120 Hz, 180 Hz, 240 Hz, 300 Hz and 
360 Hz. Oscilloscope Figure 3, shows the magnet voltage 
ripple during the flattop to be 27 volts peak to peak from 
55 volts previously stated. Figure 3 also shows the active 
filter power supply voltage of 230 volts peak to peak, 
coupled through the transformer/choke into the mam 
magnet voltage. The major component as can be seen is 
60 Hz. Table 2, shows the magnet peak voltage ripple as a 
fiinction of frequency, as measured by a spectrum 
analyzer with the active filter on and off, at the flattop 
current of 3000 A. Note that the MMPS 60 Hz harmonic 
was improved by a factor of 10. The rest of the MMPS 
harmonics were improved by a factor of 4 to 7 depending 
on the frequency component. Figure 4, shows a IxlO'" 
protons, 300 msec extracted beam as measured by an ion 
beam chamber, with the active filter power supply off. 
Figure 5 shows the IxlO'" protons 300 msec exfa-acted 
beam as measured by the same ion beam chamber, with 
the active filter power supply on. Note that the 60 Hz 
ripple on the exfracted beam was improved by a factor of 
4.5. 
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Table 2: MMPS Flattop voltages. Spill harmonics, Active 

Frequency 
(Hz) 

MMPS Flattop 
Voltage Peak, 

At 3000A, 
Active filter OFF 

MMPS Flattop 
Voltage Peak, 

At 3000 A, 
Active filter ON 

60 16.38 1.56 
120 7.0 0.96 
180 3.06 0.48 
240 3.78 0.54 
300 2.4 0.54 
358 0.84 0.12 
378 1.95 0.48 
420 2.4 1.2 
720 0.84 1.32 
1082 2.4 4.2 
1440 4.44 6.3 

Figure 4: IxlO"' protons, 300 msec Beam spill, AF OFF 

Figure 5: IxlO"" protons, 300 msec Beam spill, AF ON 

SPILL SERVO 
The spill servo is a feedback loop used to dynamically 
adjust the MMPS flattop current in order to ensure a 
uniform beam spill with constant spill length. Figure 6 is 
a block diagram of the system. The Booster spill servo is 
identical to the ACS spill servo. It has been built but not 
been fully commissioned yet. Since the Booster MM time 
constant is 1.35 seconds, it has a corresponding load 
breakpoint fi-equency of 0.12 Hz and thus can control very 
well the average spill rate and spill length. There is a 0 to 
10 volts Booster Circulating Beam monitor (CBM) signal, 
coming to a sample and hold circuit in the spill servo. The 
CBM signal is sampled at the timing event called spill 

start, which is usually 50 to 100 msec after the beginning 
of the flattop. The sample and hold, retains this value until 
another timing event comes in, called the end of flattop. 
This square wave signal is then multiplied by another 0 to 
10 volts signal called spill rate. This signal through some 
amplifier gain, constitutes the actual spill reference of the 
spill servo loop. Once extracted beam is established, an 
ion chamber spill monitor intensity signal is used for 
measurement and for feedback. An error amplifier is then 
used to subtract the ion chamber spill monitor signal from 
the spill reference. The error signal is multiplied with 
another 0 to 10 volts signal, coming in the spill servo 
called the spill gain, which sets the gain of the loop 
remotely. This error signal is switched in only during the 
flattop and is being added to another signal coming in the 
spill servo, called the spill function. This signal is a 0 to - 
10 vohs square wave signal. The addition of these two 
signals goes through an integrator, which starts 
integrating at the beginning of the flattop and is being 
reset at the end of the flattop. The output of this integrator 
through some gain, is being added to the current error of 
the current loop of the Booster MMPS. Thus the MMPS 
flattop current is dynamically adjusted, in order to ensure 
a uniform beam spill during the flattop. Provisions are 
also made to learn what the spill error signal is through a 
data acquisition device and then play it back into the spill 
servo, without using the spill monitor feedback signal. 
This requirement, was set by NASA. Note that this 
provision does not exist in the AGS spill servo. 

PLAYBACK    PUYBACX 

SPILL    „„„ 
START FlATrap 

HATTa.'i59«L|S_»l 

Figure 6: Booster MMPS Spill Servo 

CONCLUSION 
The algorithm modifications and the active filter have 
been fiilly commissioned. The 60 Hz ripple on the 
extracted beam was improved by a factor of 4.5. The 120 
Hz, 180 Hz, 240 Hz, 300 Hz and 360 Hz components, 
were improved by a factor of 5 to 7 depending on the 
frequency. The spill servo has been buih and is in the 
process of being fully commissioned. 
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LIGHT TRIGGERED THYRISTOR CROWBAR FOR KLYSTRON 
PROTECTION APPLICATION 

J.-P. Jensen, W. Merz, DESY, Hamburg, Germany 

Abstract 
High power klystrons have to be protected in case of 

arcing or other failures. In most applications this is 
achieved by fast closing switches operating in parallel to 
the klystron path. These switches are known as crowbars. 
Most commonly used crowbar switches are sparkgaps, 
thyratrons and ignitrons. Recent progress in the 
development of high power semiconductors introduces 
the possibility to apply semiconductor closing switches as 
crowbars. The most promising approach is the application 
of the Light Triggered Thyristor (LTT). This especially is 
interesting for high power high voltage dc installations, 
like hvdc klystron power supplies with appropriate 
protection requirements. This paper describes a solution 
using series connected LTTs as a closing crowbar switch. 
Static and dynamic behaviour of the thyristors are 
introduced. The special requirements regarding the 
crowbar applications are pointed out. Results of a first 
prototype are presented to replace sparkgaps within an 
existing installation, where very high charge transfer 
capability has to be achieved. 

INTRODUCTION 
Despite recent attempts to introduce opening switches 

for klystron protection applications the closing switch 
approach is still the most commonly used. This is effected 
by the possibility to dump all the stored energy of the 
main circuit elements. This regards to lumped elements 
and parasitic elements respectively. Several high voltage 
switchmg technologies have been in use for years. 
Significant progress in high power semiconductor 
technology opens up new possibilities. The development 
of the Light Triggered Thyristor looks attractive for high 
voltage applications. These thyristors were developed for 
HVDC links in the power distribution industry. 
Improvements in their dynamic switching parameters 
made them suitable for high dl/dt requirements. 
Furthermore the optical gate control allows convenient 
series connections limited only by the quality of the 
applied optical fibre and its appropriate length. 

LTT-CHARACTERISTICS 
Light Triggered Thyristors are characterized as their 

electrically triggered counterparts. Except the triggering is 
achieved by a laser pulse applied to the integrated 
amplifying gate structure. The main electric parameters of 
LTTs for phase control applications are attractive in high 
voltage and high surge current capability. But they suffer 
from poor dl/dt values, which is required in crowbar 
applications. The break-through was made with the 
dedicated modification of the resistive area within the 
optical gate structure of the thyristor pellet [1]. This leads 

to application specific thyristors with hard switching 
behaviour. The result is a optimized thyristor combined 
with appropriate operating conditions. This method can 
be summarized as follows: 

• Reduced voltage level to about half of the nominal 
value during dc operation, which results in 
significant lower off-state currents and minimizes 
the probability of charge carrier generation 
initiated by cosmic radiation. 

• Reduced operating temperature leads to fiirther 
reduction of the off-state current, which simplifies 
voltage balancing requirements in series connected 
thyristor assemblies. 

• Modified gate resistor value gives the possibility 
of higher dl/dt and pulse currents. 

• Increased optical power of the applied gate pulse 
leads to fiirther improvement of pulse operation. 

The general dependencies of the off-state current on 
voltage and temperature are given by the manufacturer 
[2]. The reduction of the off-state current for dc operation 
combined with the modification of the optical gate and 
reduced operating temperature are the most important 
steps toward the application of LTTs for klystron 
protection. The significant thyristor parameters are 
pointed out in the following table. 

Table 1: Typical parameters of a 
hard switching version. 

LTT compared to its 

T1503N 75T 
(STANDARD) 

T1503NH 75T S02 
(HARD SWITCH) 

VDD,VnRm 7500 7500 
IxAvFAl 1760 1760 
iTSMfkAl 40 40 
lD[mA] 500 

@7500V/120°C 
0.8 
@4000V/50"C 

di/dt„,,rA/tisl 1000 5000 
Ipeak-Dulse [A] not specified 5000 
PonticalBatJmWl 40 @ lOns 100 {% 10ns 
tdon [jiS] 5 3...4 

Measured thyristors show lo-values in the range 
between lOOjiA and 400nA mstead of the promised 
SOO^iA. This gives an additional margin regarding static 
voltage balancing requirements. The improved dl/dt 
capability is attained by the appropriate integrated gate 
resistor value. 

0-7803-7738-9/03/$17.00 © 2003 IEEE 
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SPECIAL REQUIREMENTS FOR 
CROWBAR APPLICATIONS 

Special requirements for crowbar switches used in 
klystron protection circuits can be summerized as follows. 

• Continuous high voltage dc operation without self 
breakdown. 

• High pulsed currents and high dl/dt during the 
starting phase of the capacitor discharge. 

• High charge transfer capability due to large 
smoothing capacitors and the follow-through 
current of the power supply. 

• Wide range of dc operating voltages to ensure 
protection during the power-on procedure of the 
power supply. 

• Low trigger delay. 

LTT CROWBAR PROTOTYPE 
A first prototype has been build consisting of two LTT 

stacks with 7 thyristors each (figure 2). The thyristors are 
the special types T1503NH75TS02. The mechanical 
assembly of two stacks vertically within a movable 
construction has been chosen for simple replacement 
inside the high voltage room. The electronic unit with the 
laser diodes is located inside the bottom frame (figure 1). 

Figure 2: Electrical configuration of the LTT crowbar 

For static voltage sharing a simple 1 MOhm high 
voltage resistor in parallel to each thyristor is applied. 
This switch is designed for 50kV dc nominal operating 
voltage. 

TEST RESULTS 
The first tests have been carried out with a simplified 

test circuit (figure 3). In this configuration the dynamic 
behaviour during the starting phase of the capacitor 
discharge was studied. There is a significant influence of 
the commutation voltage on the achievable delaytime of 
the switch (figure 4). In this test set-up under nominal 
voltage conditions a delaytime of 3.5ns has been achieved 
(figure 5). Due to lunitations of the mam circuit 
parameters the maximum achievable dl/dt under no load 
condition was 3.5kA/)is. 

Figure 1: LTT crowbar assembly consisting of two stacks 
mounted vertically. Figure 4: Crowbar operation at different operating 

voltages (Parameter Udc = 10 / 20 / 30 / 40 / 50 / 60 / 70 / 
76 kV) 
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Figure 5: Crowbar operation at nominal voltage 

DESYII - INSTALLATION 
The new LTT crowbar is planned to operate for 

klystron protection in the existing DESYII-booster e*/e". 
This installation is characterized by its large filter 
capacitor of 240nF at 50kV dc. The main components are 
shown in figure 8. The three sections (Power-Supply, RC- 
Filter and Klystron Hall) are linked with appropriate high 
voltage cables. The cable link between the capacitor bank 
and the crowbar has to be considered regarding dynamic 
behaviour of the circuit (figure 6). 
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Figiu-e 6: Simulation of the starting edge of the Crowbar 
current under noload discharge conditions. 

Near the end of the discharge process of the capacitor 
the power-supply has loaded its smoothing choke. This 
stored energy must be dumped by the crowbar. It leads to 

additional and very significant charge transfer with a 
relatively low but long current waveform (figure 7). In 
this application the total charge transfer is about 30 C, 
where 12 C is the part delivered by the capacitor bank. 

300A 

ISOA 

lOOA, 

SOA, 

■--, 

■~~~ ,^ 
"" ___ 

    ...^^ 
0.                     iOn>                 IDOn.                ISO™               10 

B  l(M>nL<or) 

_ 
mi               JDOn                3}0n         JOOn 

Figure 7: Simulation of the so-called follow through- 
current introduced by the power-supply smoothing choke. 

The operation of the crowbar inside the DESY II - 
installation will be investigated in fiiture tests. 

CONCLUSION 
Light Triggered Thyristors are strong candidates for 

high voltage crowbar applications, where high charge 
transfer is required. Their main advantages are simple 
insulation in series connected assamblies due to optical 
triggering and high charge transfer capability. Sufficient' 
voltage margin leads to reliable HVDC operation. Special 
care has to be taken selecting the main circuit parameters 
to achieve optimized switching behaviour, namely the. 
commutation voltage, dl/dt limits and sufficient damping 
in the main circuit. 
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Figure 8: DESY II - Installation consisting of 3 sections (Power Supply, RC-Filter and Klystron Hall) 
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IMPROVING POWER SUPPLY PERFORMANCE FOR 
THE DUKE STORAGE RING * 

r^ ^ ,  , ^- ^- '^"^' V- G- Popov, S. Hartman, I. Pinayev, S. R Mikhailov, P. Morcombe, 
O. Oakeley, R Wallace, R Wang, V. Litvinenko, PEL Lab, Duke University, NC 27708-0319, USA 

Abstract 

As part of the recent Duke storage ring hardware upgrade 
(2001-2002), a power supply improvement program was 
put in place to bring all major DC supplies to their specifi- 
cations. In carrying out this program, power supplies have 
been modified, tuned, and thoroughly tested. In its actual 
operation configuration, each power supply was subject to 
extensive testing to determine its DC stability, reproducibil- 
ity and linearity, AC ripple and noise, and ramping perfor- 
mance. As a result, all major DC supplies have been im- 
proved to meet most important performance specifications 
for 1 GeV operation. 

1   INTRODUCTION 
The Duke storage ring and its main light source, the 0K4 

free electron laser (FEL), were commissioned in 1994 [1] 
and 1996 respectively. Since 1998, the Duke FEL storage 
ring has been operated for FEL research in the UV and deep 
UV region for a variety of user applications in medicine, 
biophysics, solid state, and nuclear physics. However, prior 
to the 2001 upgrade, the Duke storage ring suffered from 
a number of hardware problems, resuhing in frequent ma- 
chine down-times and beam dropouts. A major contrib- 
utor to these problems was the unreliable performance of 
the DC power supplies. All ring quadrupoles were pow- 
ered individually by small DC supplies which did not meet 
specifications for a modem storage ring. The second prob- 
lem was a quad coil overheating problem at high energy 
operation {E > 750 MeV). To address these problems, 
the following upgrades were carried out during an upgrade 
shutdown (2001-2002): (I) all arc quad coils were replaced 
with specially designed new coils with inline water cool- 
ing; (2) small arc quad supplies were replaced with higher 
performance supplies which fed families of arc quads in 
series; (3) straight section quad supplies were replaced by 
new supplies with better performance; (4) all major sup- 
plies were tested and tuned. In this paper, we first present 
the performance specifications for the main DC supplies. 
We then report power supply modifications carried out in 
order to achieve these specifications. Finally, we present 
the measured power supply performance including DC sta- 
bility, reproducibly and linearity, AC ripple and noise, and 
ramping characteristics. 

2   SPECIFICATIONS AND 
MODIFICATIONS 

Three different types of DC power supplies are used 
to drive the main magnets in the Duke ring.  Forty (40) 

•Work Supported by the DoD MFEL Program as managed by the 
AFOSR, grant F49620-001-0370. 

t wu@fel.duke.edu, 1-919-660-2654 (uhone). 

ring dipoles are fed in series by a PEI supply in use since 
1993 (PEI SR1074, 800V/700A). Two families of thirty- 
four (34) combined function quad-sextupoles in the arc are 
driven in series by four (4) new supplies (Bruker B-MN, 
60V/833A) from Bruker Analytische Messtechnic GmbH 
in Germany. The end-of-arc and straight section quads are 
powered in series or individually by eighteen (18) new sup- 
plies (Walker HS-7040-4SS, 70V/40A and 50V/40A after 
modifications) from Walker Scientific, Inc. in US. 

2.1   Performance Specifications 
The specifications for these supplies are determined by 

beam stability requirements, in particular, the amount of 
tune variations allowed. The desirable maximum tune vari- 
ation should not exceed that of the tune spread of the beam. 
The following beam parameters are assumed for nominal 
operation: (1) energy = 1 GeV; (2) horizontal and vertical 
chromaticities, ^^ = L3, ^y = 2.6. The allowed tune vari- 
ations are (RMS) u^ = 0.75 x IQ-^ and i/^ = L5 x IQ-^ 
respectively. This translates to the following rather conser- 
vative power supply specifications: 

• Dipole PS (PEI): ^ < ±25 ppm; 
• Arc quads PS (Bruker): ^ < ±25 ppm; 

• Straight section quad PS (Walker): ^ < ±50 ppm. 

di^x, di/y 

[10-^] Dipoles 
Arc 

Quads 
SS 

Quads Total 
I^me 

budget 
DC,X 0.250 0.085 0.125 0.292 0.750 
DC,Y 0.250 0.145 0.225 0366 1.500 
AC,X 0.250 0.170 0.400 0.820 0.750 
AC,Y 0.250 0.290 0.700 1.240 1.500 

Table 1: Allowed RMS tune variations for main supplies. 

The allowed tune variations for various supplies are 
listed in Table 1. The tune drift (DC) caused by each sup- 
ply is assumed to be uncorrelated. The total tune drift is 
calculated as the root of the quadratic sum of contributions 
from all supplies. For the AC performance, the tune jitter 
is assumed to be dominated by line-frequency related rip- 
ples. The total tune jitter is then calculated as the sum of 
all contributions. The Duke ring is operated with a wide 
energy range from 270 MeV to 1.2 GeV. Whenever pos- 
sible, we strive to achieve the same level of power supply 
performance for all energies. 

2.2   Power Supply Modifications 
A number of modifications were made to the PEI, 

Bruker, and Walker supplies during the upgrade to achieve 
the desirable performance. The PEI dipole supply had been 
in operation since 1993.  However, its ripple, noise, and 
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ramping performance were not satisfactory. The PEI per- 
formance was improved with the following modifications: 
(1) active damping was developed to suppress the reso- 
nance of the LC filter; (2) the firing circuit was adjusted 
for 60 Hz reduction; (3) the filter inductor was rearranged 
to suppress common-mode noise. In addition, the current 
regulator was modified to match the load impedance for 
overshoot reduction. 
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Figure 1: Stability and reproducibility for Bruker powering 
QF inner coils. 

The new supplies had their share of problems. All of the 
five newly acquired Brukers were out of absolute calibra- 
tion by about 1% and one had a large zero offset. These 
problems were corrected on site by a Bruker technician. 

The most extensive modifications were made to the 
Walker supplies. First, the Walker transformers had to 
be reconfigured to match different loads. The load vari- 
ation was the result of driving either two or four quads 
coils and of variations in output cable length. Second, 
the digital control (RS-232C) was found to be too slow 
for our ramping requirements and the mtemal ADC read- 
back too inaccurate. All supplies were then retrofitted to 
provide differential analog control and readback. Third, 
the remote/local control did not work properly and had to 
be replaced. Fourth, the long-term (24-48 hours) stability 
was found inadequate because the current regulation shunt 
had a relatively large temperature coefficient. To overcome 
this problem, the shunt temperature was stabilized using a 
stand-alone water cooling system. 

3   DC PERFORMANCE 
DC measurements are performed to determine the sta- 

bility, reproducibility, and linearity for each power supply. 
All DC measurements are completed in a single run using 
a test protocol which interleaves stability tests with slow- 
ramp tests. The stability tests cover several energies from 
injection to 1.2 GeV; the ramp tests takes the supply from 
its minimum to maximum operation current. The DC sta- 
bility is calculated as the peak-to-peak (P-P) current varia- 

tion. The linearity, more precisely the deviation from lin- 
earity, is computed as the difference between the readback 
and its linear fit. The reproducibility is calculated from the 
slow-ramp runs as the difference current for the same con- 
trol setting. 

A Danfysik current transducer was used for measuring 
DC currents for PEI and Brukers (Danfysik 860R, 2kA) 
and for Walkers QDanfysik 866, 600A). The Brukers were 
controlled digitally; the PEI and Walkers were controlled 
by 20-bit and 16-bit DACs, respectively. The output volt- 
age from the transducer was recorded by a HP 345 8 A dig- 
ital multimeter. 

DC Stability: Energy = 274 MeV 

10 15 20 
Main Power Supplies 

Figure 2: Main power supply DC stability. The first supply 
is PEI, followed by 4 Bruker and 18 Walker supplies. The 
test duration is typically 3 hours. The peak-to-peak varia- 
tions are computed after dropping the first 10% of data. 

Fig. 1 shows the DC performance of a Bruker supply 
powering the inner coils of the arc QF family. For all four 
Brukers, the P-P current variation (stability) is less than 50 
ppm for energies from 270 MeV to 1.2 GeV. The repro- 
ducibility of all Brukers is less than 55 ppm for the entire 
energy range. The deviation from linearity is typically 100 
to 150 ppm at 270 MeV settings and less than 50 ppm at 1 
GeV. A relatively large deviation from the linear control is 
the result of using the 16-bit coarse DAC in the test. Due to 
the lack of integrated control of the internal coarse and fine 
DACs, only the coarse DAC was used for Bruker control. 

The stability results for all major DC power supplies are 
shown in Fig.2 for two ring energies. With the exception 
of two Walkers, all supplies satisfy the stability and repro- 
ducibility specifications from injection (270 MeV) to full 
energy of 1.2 GeV. The linearity is a less critical perfor- 
mance requirement. All supplies are within a factor of three 
of the linearity specifications. 

4   RIPPLE AND NOISE PERFORMANCE 
AC ripple and noise measurements were performed at a 

number of DC current settings. The measurement system 
consists of a current transducer, a voltage amplifier with a 
built-in filter (IHz - 3 kHz), and a LeCroy digital scope. 
The measured data were analyzed for line related ripples 
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(60 Hz, 120 Hz, etc.) and noise. To evaluate the overall 
AC performance of various supplies, a simple merit was 
chosen as the RMS variation of the current. 

The overall ripple and noise performance for all major 
supplies is shown in Fig. 3. At the full energy (1.0-1.2 
GeV), the AC performance of all supplies is within the 
specifications. At the injection energy, while all Walkers 
are still within the specifications, PEI and three Brokers are 
out of specifications. Since we have set a very conservative 
spec for the AC performance, it is expected that the amount 
of tune jitter at the injection energy is still quite acceptable. 

AC Ripple/Noise: Energy = 274 MeV 

sec. This time constant is a good match with the ramping 
rate of the control system at 5 Hz [2]. 

Transient Response w/o Tuning 

10 15 
Main Power Supplies 

Figure 3: Main power supply AC ripple and noise perfor- 
mance. The first supply is PEI, followed by 4 Broker and 
18 Walker supplies. 

5   RAMPING PERFORMANCE 
Besides the I3C and AC performance, the dynamic per- 

formance of the power supply is critical for reliable opera- 
tion with energy ramping. Two important ramping param- 
eters are the current overshoot and time constant for step- 
ping control. These parameters determine the beam stabil- 
ity during ramping, the field reproducibility after ramping, 
and ultimately the total ramp time for reliable operation 
with energy ramping. 

With digital control, the Brokers were found with satis- 
factory ramping performance after a simple adjustment of 
the internal slew rate. The Walker supplies were found to 
be relatively fast, with a time constants around 70 msec. 
However, significant overshoot were found at a 20% to 
30% level. One test Walker supply was modified to demon- 
strate that the overshoot could be effectively suppressed 
with proper tuning. The rest of the Walkers remain to be 
tuned. 

The reliability of energy ramping depends heavily on the 
performance of the dipole supply PEI. The PEI supply had 
been modified extensively in order to reduce the overshoot. 
Fig. 4 shows the measured step responses of the PEI output 
current before and after the modification. Before the mod- 
ification, the current overshoot is about 50% of the step 
size. After the modification, the large overshoot is essen- 
tially eliminated and the time constant for stepping is 0.15 

Figure 4: PEI dynamic response to stepping control volt- 
ages. A large overshoot was observed before tuning and 
was completely suppressed after tuning. 

6   CONCLUSION 
After modifications and tuning, all major supplies for 

dipoles and quadropoles are found to have reasonable DC 
and AC performance at the high energy (1.0-1.2 GeV) in 
terms of stability, reproducibility, linearity, noise, and rip- 
ple. The AC noise performance of PEI and Brokers at the 
injection energy (270 MeV) needs further improvement. 
The dynamic performance of Walkers is not satisfactory; 
each Walker needs to be mned to match its actual load in 
order to suppress the overshoot and achieve the same time 
constant. The overall performance of these DC supplies 
has been found to be rather adequate during past one-year 
operation. To sustain this level of performance, an active 
performance monitoring program [3] has been put in place 
to uncover emerging power supply problems. 

With our power supply improvement program, we have 
learned several valuable lessons. First, very detailed and 
well thought-out specifications are critical in selecting an 
appropriate supply for a particular operation. This process 
will eliminate many unnecessary on-site modifications af- 
ter delivery which can be time consuming and expensive. 
Second, one should expect that even a good supply will 
need some modifications and tuning in order to satisfy all 
performance requirements. Third, a thorough testing pro- 
gram with power supplies connected to their actual loads is 
essential to uncover problems for further modifications and 
to obtain actual performance of supplies under realistic op- 
eration conditions. 
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COMPENSATION OF LOAD FLUCTUATION OF POWER SUPPLY 
SYSTEM FOR LARGE ACCELERATOR USING SMES 

H. Sato, M. Muto, T. Shintomi, S. Igarashi, KEK 
T. Ise, K. Furukawa, Osaka University 

Abstract 
In J-PARC 50GeV synchrotron, peak active power and 

the dissipation power of main magnets are estimated to be 
about 135MW and 37MW, respectively. Super 
Conducting Magnetic Energy Storage(SMES) is one of 
candidates to compensate these large load and line 
voltage fluctuation. Study on circuit configuration of the 
power supply with SMES will be discussed. Plan of 
experiment is also described. 

INTRODUCTION 
The J-PARC Project is under progress as the joint 

project by the Japan Atomic Energy Research Institute 
(JAERI) and the High Energy Accelerator Research 
Organization (KEK). The facility is located at the JAERI 
Tokai site and comprises a 600-MeV linac (200MeV in 
the phase I), a 3-GeV rapid-cycling synchrotron (RCS), 
and a 50-GeV synchrotron (MR). The 50-GeV 
synchrotron main ring comprises 96 bending magnets, 
216 quadrupole magnets, 72 sextupole magnets and 186 
steering magnets. The power supply system for the 
magnets of the 50-GeV synchrotron is made up of a large 
number of power supplies, one is for the bending magnets, 
11 ones for the families of the quadrupole magnets, 3 
ones for the families of the sextupole magnets and 186 
ones for the steering magnets. These power supplies are 
operated with an excitation pattern of trapezoidal wave 
form as shown in Fig.l. The total amounts of active 
power of these power supplies become about +105MW~ 
-66.0MW in peak with only cable loss for 50-GeV 
operation[l]. 

As well known, conventional thyristor rectifiers with a 
high power and trapezoidal dc side output current usually 
generates a very large cyclic variation of reactive power 
and raises unallowable line voltage fluctuation. In order to 
overcome this problem, power converters using IGBT or 
lEGT are investigated for the power supply of the J- 
PARC project. By using power semiconductor devices of 
this type, it is possible to construct power supplies with 
the characteristics of unity power factor operation. The 
line voltage fluctuation estimated is about +2.5%~-2.5% 
for 50GeV operation, if the reactive power is 
compensated perfectly. However, this fluctuation is not 
acceptable for the power line. Then, some active power 
compensation device is necessary for 50GeV operation. 
At this present, adjustable speed flywheel generation 
system to flatten the very large power swing has been 
designed[l]. In the phase I, 50GeV synchrotron should be 
operated with on energy of 30GeV or 40GeV at highest 
with out flywheel. This paper shows the study on 
application of superconducting magnetic energy storage 

(SMES) for this purpose. In the case of SMES, it is 
possible to connect the SMES magnet at the dc side of the 
synchrotron power supply and exchange energy between 
the accelerator magnet and the SMES magnet. Sveral 
circuit configurations are proposed and typical simulation 
result using is presented in this paper. 

CIRCUIT CONFIGURATION OF POWER 
SUPPLY 

The largest power supply for the synchrotron is for the 
bending magnets. Other power supplies for quadrupole 
magnets, sextupole magnets and steering magnets are 
small and do not affect Une voltage fluctuation. 
Requirements for the power supply of the bending magnet 
is shown in TABLE 1. Current pattern of the bending 
magnet is shown in Fig.l. 

TABLE I 

Requirements for Power Supply of Bending Magnet 

Excitation dc current 202A~3015A 

Peak dc voltage +25.2kV, -32.5kV 

Active power (peak) 72.5MW, -54.4MW 

Coil inductance 104mH/coil 

Coil resistance 45mQ/coil 

Number of coils 96 

Current 

liijectipn Extraction iDeceleration! 

Time 

Fig.l. Typical excitation current pattem of the bending 
magnet for 50-GeV operation. 

The power supply with SMES proposed in this paper is 
for the bending magnets. 

Fig.2 shows various configuration of the power supply. 
Fig.2(a) shows the system using line commutated ac/dc 
converter. In this case, SMES should compensate both 
active and reactive power variation. As a result, the power 
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rating of the SMES becomes the largest. The 
configuration shown in Fig.2(b) shows the system using 
forced commutated ac/dc power converter using IGBT 
and lEGT. In this case, the magnet power supply can 
operate at unity power factor. As a result, SMES 
compensates only active power variation. But there is 
power exchange through two ac/dc power converters, 
resulting with high power supply cost and losses. The 
configuration shown in Fig.2(c) uses forced commutated 
ac/dc power converter and dc type SMES. In this case, 
power rating of the ac/dc converter for magnet power 
supply can be reduced, resulting with the reduced cost of 
the total system. The system shown in Fig.2(c) is the 
proposed system and studied hereinafter. 

Bending Magnet 

AC Line 
Line 
Commutated 
ac/dc 
Power 
Converter 

'h 3 
SMES (Active    and 
Keactive Powe 
Compensation) 

(a) Configuration using line commutated ac/dc converter 

: AC Line 
Forced 
Commutated 
ac/dc 
Power 
Converter 

► Bending Magnet 

SMES (Only Active 
Power Compensation) 

(b) Configuration using forced commutated ac/dc converter 

AC Line 
Forced 
Commutated 
ac/dc 
Power 
Converter 

DC type SMES (Only 
Active Power 
Compensation) 

Bending Magnet 

(c) Configuration using forced commutated ac/dc converter and 
dc type SMES 

Fig.2. Various configuration of magnet power supply 

with SMES. 

The power supply of the bending magnets is divided 
into six separated power units, because the electric power 
rate for the bending magnet is too large to construct a 
power supply as one unit. By this method, the power 
rating for one power unit is reduced to the possible level 
about 5 kV and lOMW. Fig.3 shows connection scheme 
between the power units and the bending magnets. As 
seen in the figure, the 96 bending magnets are divided 
into three groups and both upper and lower coil of the 
magnet are connected separately by series in each group, 
and connected with the power units in turn so as to make 

one excitation loop. The simulation was done by the 
configuration of one power unit, which is 1/6 of the 
bending magnet power supply. Each of the power unit is 
composed of a current source ac/dc converter and SMES. 
The 40GeV operation can be carried out by the 
configuration without SMES, because of the acceptable 
voltage fluctuation in the case. 

Fig.3. Connection of power supply of the bending 
magnets with SMES. 

SIMULATION RESULTS 
Fig.4 shows the simulation results for the 1/6 of the 

bending magnet power supply, using PSCAD/EMTDC 
software. The current of the bending magnet was 
controlled with the low tracking error. The reactive power 
was controlled at almost constant value, which is due to 
the capacitor of the ac side filter. The power variation of 
the ac/dc converter during the operation cycle was about 
11 MW. The average current of the SMES coil is 
controlled to be constant except the initial transient. The 
charging and discharging energy of the SMES was about 
5MJ. 

Fig.5 shows the voltage and current waveform ac 
source. In this case, the phase difference between the 
voltage and the corresponding phase current is almost 180 
degree, which shows low reactive power. The current 
waveform is almost sinusoidal. 

The voltage fluctuation of ac line considering the total 
system was also calculated and the calculated results are 
shown in Fig.6. The calculated voltage fluctuation was 
acceptable for the system. Detailed simulation and the 
control system was presented in the reference[2]. 
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Fig.4. Simulation results of the proposed system. 
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Fig.5. AC soiirce side voltage and current waveforms. 

S. S 4 (s) 

(a) 154kV line 

(b)66kVline 

Fig.6. Calculated line voltage fluctuation. 

CONCLUSIONS 
The power supply system using SMES for the J-PARC 

50-GeV main ring was proposed and the fundamental 
characteristics of the configuration as shown in Fig.2(c) 
have been calculated. For the configuration of Figures2(a) 
and 2(b), the flywheel system gives the almost same 
effect, but Fig.2(c) system has advantages over the 
flywheel system, because of the dc side coupling between 
the energy storage device and the accelerator coil, 
resulting with the reduced ac/dc converter power rating. 
Then, the running cost of the electric power will be less 
than that of original design as 1/5. The proposed system 
can be applicable for the extension of the system from the 
initial 40-GeV operation without energy storage device. 

Authors and colleagues are now considering to perform 
the SMES experiment at the KEK-12GeV PS extraction 
septum magnet power supply, of which total power in 
IMW, with using the existing ESK[3] system under 
collaboration with KYUSHU Electric Power Company. 
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TEST RESULTS ON CAPACITOR COMMUTATION CHARGING TYPE OF 
RESONANT POWER SUPPLY FOR SYNCHROTRON RING MAGNETS 

Dong Sai, Yao Chenggui, Zhang Yunxiang 
National Synchrotron Radiation Laboratory, University of Science and Technology of China 

Hefei, Anhui 230029, P.R.China, E-mail: sdong@ ustc.edu en 

Abstract 
A new dual resonant type current ramping power supply 
was built and tested. This paper describes experimental 
results on several different current waveforms: a 
triangular waveform with flat bottom, a trapezoidal wave 
with flat bottom and a waveform with reduced fall time. 
This paper also analyses the advantages of this type of 
power supply and the potential applications. 

I   INTRODUCTION 
Conventionally, synchrotron ring magnet power 

suppUes adopt resonant system with DC-biast''^'^'"-^ or 
phase-controlled rectifiers'^-*'^'. The former, mostly used 
for fast-cycling synchrotrons, requires highly precise 
resonant frequency, and fixed cycle time. The advantage 
is that it eliminates the requirement of a large amount of 
reactive power. The latter approach, mostly used for 
slow-cycling synchrotrons, needs a large amount of 
reactive power compensation. But the load current 
waveforms and the cycle time can vary. 

The dual resonant power supply f*''''°' can produce flat 
top and flat bottom current pulse. But most of research 
work is on theoretical analysis and experimental 
project. So far no practical application was reported. In 
1996, M. R. Pavan Kumar & J. M. S. Kim developed a 
circuit, namely, "HMSC'^'l They consider that due to 
large reactive components used as energy storage device 
in the above-mentioned designs, these power supplies 
tend to have limited dynamic response. For the same 
reason, these designs also require high voltage power 
source. 

In order to overcome these shortcomings, we propose 
a new type of resonant power supply. Its main 
advantages are: 
the reactive power is eliminated; its reactive components 
reduced; and the circuit is simplified. The waveform of 
load current consists of rising and falling sections, a flat 
bottom and a flat top. The cycle time is adjustable, and it 
does not need high voltage power supplies. It is 
suitable for both fast and slow cycling synchrotrons. 

Our research brings forth three main modifications: 
• Insulated Grid Bipolar Transistors (IGBT) are 

used as the main switches, 
• Electrolytic capacitors are used as energy store 

device. 

•     One DC regulator and one SCR are used to 
provide flat bottom current, and a large choke is 
eliminated. 

Based on this idea, several different experiments of 
different load current waveforms with about 30A peak 
flat top value have been conducted. The results are 
promising. We believe that this type of power supply 
design can be applied to future accelerator projects. 

II   PRINCIPLE AND WORKING 
PROCESS DESCRIPTION 

Figure 1 is a diagram of the main circuit. The parts 
framed in dotted lines are optional depending on whether 
non-zero flat bottom or flat top is required. 

Figure 1: Fundamental Principle Diagram. 

Figure 2: Load Current Wave Form. 

Figure 2 is trapezoidal current waveform with nonzero 
flat bottom. Now we describe the principle and working 
process using this waveform as an example. 

In Figure 1, Lu and R^ are the inductance and 
resistance of the load magnet respectively. PSO, PSl, PS2 
are DC regulators. C is bank of capacitors for energy 
storage. 

In a steady cycle, during the bottom period, the SCR 
has been on, and the voltage on the energy storage 
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capacitor C is charged to its full value of u=U. At t=ti, 
IGBTl and IGBT2 are turned on at the same time. The 
SCR turns off due to negative voltage across it. 
Capacitor C discharges resonantly through ZM, and the 
load current iu rises. At t=t2, iu reaches the top current 
h. IGBTl turns off and Dl starts conducting. DC power 
suppUes PSl and PS2 maintain load current iM=h 
through Dl and IGBT2. At t=h, IGBT2 turns off. This 
shuts off the current path and generates a high voltage 
across LM. Diode D2 starts conducting. Capacitor C 
charges resonantly through LM, PSl, Dl and D2. Load 
current iu starts to fall. The energy stored in the load 
inductance flows back to capacitor C. At t=U, i^ falls to 
Z'B. The SCR is turned on by an external signal, and the 
DC power supply PSO maintains a flat load current /M=/B. 

Dl and D2 are off due to negative bias. This completes a 
fill! cycle, and the capacitor C is charged to U again. 

When the system is turned on initially, the energy 
provided by the DC power supplies PSl and PS2 exceeds 
that lost in the circuit. The voltage on capacitor C and the 
load current build up over many cycles. After this 
transitional period the provided energy by the DC power 
supphes equals that lost in the circuit and the system 
enters a steady state. 

In some cases, it is desirable to reduce the fall time. 
We can achieve this easily by reconfiguring the capacitor 
bank. For example, if we want to reduce it to one nth, C 
is divided into n units. Each unit has a capacitance of C/n. 
These units are connected with 3(K-1) diodes as shown in 
Figure 3. This ensures that all capacitors are discharged 
in parallel (in rising period) and charged in series (in 
falling period). The fall time will be reduced 
approximately to one «th. 

Discharge Charge 

DJ k    D2 ^ 
C/n = P DX. C/n = L ̂ c/ J 

r)j M 
Figure 3:   Diagram of discharge /charge of n (C/n) s in 
series/parallel. 

Ill   EXPERIMENTAL SET 

Two single module unit IGBTs (200A/1200V), a SCR 
rated at 50A/500V and auxiliary circuits are installed in 
one IGBT/SCR driving-controller box. Other 
components in the main circuit are connected to the posts 
on the rear board. 

Two 0~30V/0~30A DC voltage and current regulators 
are provided by the Magnet Field Measurement Group. 
One 0~12V/2A DC voltage and current regulator are 
provided by the Power Supply Group. 

The electrolytic capacitors used as the energy storage 
capacitor (10000|j,F/100V, 5 in parallel) and two Diodes 
(50A/700V) are spare parts borrowed from the Power 
Supply Group. 

The load mductor consists of six filter inductors 
connected in series. It has the following parameters: 
lM=82mH, RM =50mQ. 

Construction of an experimental set started at the 
beginning of April last year. By the beginning of July we 
had completed several experiments and recorded the 
waveforms of load current and capacitor voltage (see Fig. 
4 to Fig. 8). The basic principle of the suggested design 
is fully verified. 

IV   EXPERIMENT RESULTS 

Figure 4: Trapezoidal waveform with O.TSV flat bottom. 

Figure 5: Triangular waveform with 0.75V flat bottom 

Figure 6: Trapezoidal waveform with OV flat bottom. 
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Figure 7: Triangular waveform with zero OV bottom. 

Figure 8: Triangular waveform with 0.75V flat bottom. 
The fall time is reduced using two capacitors in 
series/parallel configuration. 

V    SUMMARY 

The flat bottom and top sections of the current 
waveform are directly provided by DC regulators. The 
rising and falling sections are generated by resonance of 
the energy storage capacitors, which are in series with 
DC regulators and the load inductance. Through properly 
set switch timings, transition between sections is 
optimized. The main characteristics are: energy store 
capacitor is charged automatically by the induced high 
voltage generated in the load inductor. 

Using electrolytic capacitors as stored energy 
capacitors helps reduce cost and space. It is a viable 
alternative to other designs of slow cycling power 
supplies. It makes no strict demands on the capacitance 
value of the capacitor. So long as it is larger than a 
minimum value, the system can work properly. The 
larger the capacitance is, the lower the its charging 
voltage is, and the more linear the rising and falling 
sections of the load current are, and the lower the 
voltages across the IGBTs and diodes are, and also the 
lower the total power consumption is. 

Utilizing IGBTs as the main switches, which can be 
turned off by external control, simplifies the design 
significantly. High power and current can be achieved by 
connecting  IGBTs  in  series  or parallel.   The  main 

technical challenge here is to balance the current and 
voltage distribution. 

Using one DC regulator and one SCR providing flat 
bottom of the load current helps to eliminate a large and 
expensive choke, and accordingly makes the design more 
flexible and less expensive. 

The waveform of the load current and cycle time can 
be easily adjusted by changing the output voltage of the 
DC regulators and the timing of the switches. If the 
desired waveform is triangular with zero flat bottom, 
only one DC regulator is required. 
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HIGH RESOLUTION ANALOG / DIGITAL POWER SUPPLY 
CONTROLLER* 

Evgeny Medvedko, Jeff Olsen, Greg Leyh, Stephen Smith, Robert Hettel, Clemens 
Wermelskirchen, Till Straumann, Stanford Linear Accelerator Center, Stanford, CA 94309, USA. 

Abstract 
Corrector magnets for the SPEAR-3 synchrotron 

radiation source require precision, high-speed control for 
use with beam-based orbit feedback. A new Controller 
Analog/Digital Interface card (CANDI) has been 
developed for these purposes. The CANDI has a 24-bit 
DAC for current control and three 24-bit A-S ADCs to 
monitor current and voltages. The ADCs can be read and 
the DAC updated at the 4 kHz rate needed for feedback 
control. A precision 16-bit DAC provides on-board 
calibration. Programmable multiplexers control internal 
signal routing for calibration, testing, and measurement. 
Feedback can be closed internally on current setpoint, 
externally on supply current, or beam position. Prototype 
and production tests are reported in this paper. Noise is 
better than 17 effective bits in a 10 mHz to 2 kHz 
bandwidth. Linearity and temperature stability are 
excellent. 

OVERVIEW 
Each magnet for orbit correction at SPEAR 3 will have 

a bipolar ±30 A supply, the MCOR [1]. One MCOR 
supply with CANDI daughter board occupies two slots in 
a 17-slot crate. One crate can support 8 MCORs. The 
CANDI board controls and monitors the supply's current 
and voltage, exchanges data with the interface board and 

the standard VME processor via the crate backplane. The 
processor plugs into the interface board, which adapts the 
VME processor to the MCOR crate. 

CANDI BOARD DESCRIPTION 
The 170 CANDI boards were fabricated and assembled. 

The CANDI board size is 6.5" x 3.95", about 0.062" 
thick. A shielding box covers the analog signal processing 
area. Figure 1 shows a module block diagram. 

At the front of the CANDI card there is 4-digit LED 
display, showing the supply's current value and interlock 
status; the RS232 input, and the connector for re- 
programming the FPGA (Field Programmable Gate 
Array) boot PROM. 

Two connectors go to the supply. One transmits the 
MCOR interlock signals. The other provides the current 
setpoint to the supply, it carries the output current to the 
magnet and monitor lines for the 65 Volt bulk supply, the 
output voltages, and the output current. The short buses 
connect the supply's signals with the output connector, 
plugging to the crate backplane. The supply's output 
signal is split in such a way that half load current goes 
through the supply's connector and half through the 
CANDI board connector. 

The FPGA executes the processor's commands, reads 
status, writes and reads three ADCs and two DACs. 

Data In / Out FPGA 

LED 
Display 

RS232 

Reprogram 
FPGA 

Interlock status 

Supply Output 

Serial Data 
In /Out 

Analog 
readteck 

■>Vmonl 

> SPDAC 

Scaling 

->-Setpoint (Vsp) 

Val 

Va2 

Va3 

ADCl 

Scaling and Multiplexing 
 Current Monitor Imonl 

-CL DAC 
"Temperature 

ADC2 

Scaling and Multiplexing 
'^        Current Monitor Imon2 
< CLDAC 
< Set Point DAC 

ADC3 

Scaling and Multiplexing 
- Voltage Monitor Vmonl 
- Voltage Monitor Vmon2 

'< CLDAC 

>Imon2_J 
"Setpoint 

Figure 1. The CANDI block diagram. 

CLDAC 

Scaling 

->CL DAC (Vcl) 
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Chemical Sciences. 
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The 24-bit resolution Set Point DAC (SP DAC), a Burr- 
Brown PCM1704, sets the MCOR control voltage from 
OV to ±10 V to control the MCOR output current from 0 
to ±30 A. Three 24-bit resolution A-S ADCs, a Burr- 
Brown ADS 1251, digitize analog signals - the Imonl, 
Imon2, Vmonl and Vmon2 [2]. A precision 16-bit DAC, 
a Maxim MAX542 [3] is dedicated to calibration of the 
ADCs (CL DAC). 

The highest ADC output rate frequency is 20.8 MHz at 
an input clock frequency 8 MHz, the internal digital filter 
has notches at the output rate frequency and harmonics. 
The ADC has a fixed over-sampling ratio of 64. 

Dual 4-channel multiplexers (MUX) are placed in the 
front of the signal processing chain. This provides for 
module calibration, and configuration of local, remote, or 
global feedback. 

REQUIREMENTS 
•     Required data update frequency 4 kHz. 
The analog setpoint and the readback requirements are 

shovra below (Table 1 and Table 2). 

Table 1. The current setpoint requirements. 
Analog Setpoint 
Full scale voltage range 
Bandwidth 
Accuracy 
Stability (24 hours, ± 3.5 °C) 
Signal to Noise Ratio, integrated 
over 10 mHz - 2 kHz 

Requirements 
±10V 
DC - 2 kHz 
±10mV 
± 500 uV 
105 dB or 
17.2 ENOB 

•     The temperature coefficient hmit is: 14.3 ppm/°C 
(± 500 nV / ± 3.5 °C, out of 10 V full scale). 

Table 2. The current monitor readback requirements. 
Analog Readback, Imon 
Full scale voltage range 
Bandwidth 
Accuracy 
Signal to Noise Ratio integrated 
over 1 Hz - 200 Hz 
Analog Readback, Vmon 
Full scale voltage range 
Accuracy 
Signal to Noise Ratio, integrated 
over 1 Hz -1 kHz 

Requirements 
±10V 
DC - 2 kHz 
±lmV 
101 dB or 16.6 
ENOB 

70 V 
±10mV 
86   dB 
ENOB 

or    14 

The ENOB is the Effective Number of Bits, Signal to 
Noise Ratio = 6.02 dB * ENOB + 1.76 dB. 

RESULTS 

Accuracy 
The following scheme was used to measure accuracy 

(Fig. 2). The SP DAC and the CL DAC are swept across a 
-10 V to +10V range in 2 V steps. The SP DAC output 
signal (Vsp) goes to the external Data Acquisition Unit 
(Vref) and to the ADC2 (Va21) via the multiplexer. After 
reading them, the multiplexer connects the ADC2 input to 
the CL DAC output (Vcl); the ADCl and ADC3 are 

already connected to the CL DAC. One cycle of the 
measurements ends when ADCl (Val), ADC2 (Va22) 
and ADC3 (Va3) are read. A linear fit yields the relative 
gain and zero offset. Calibration results are saved for 
operational use. 

Calibrated data and source signal differences are within 
the ± 300 nV peak-to-peak; the rms is 123 ^V, better than 
required. 

10 -10      -8       -C       -4       -2        0        2        4        e        I 
DAC output full scale range sweep, V, 2 V/div. 

Figure 2. The setpoint and the readback accuracy. 

The noise performance 
The ENOB measurements were performed at 4 kHz 

data update frequency and 20 kHz ADC readback rate. 
The SP and CL DAC outputs were set to + fiill scale. In 
addition to the ADC 64 oversamplings, the FPGA 
averages 16 ADC samples. This is equivalent to 
increasing the ADC oversampling ratio a factor of 4. The 
set point and the read back ENOB spread is shown on the 
Table 3 below. 

Table 3. The setpoint and readback ENOB. 
Source signal to ADC # ENOB           1 

min max 
Setpoint: SP DAC to ADC2 17.3 17.7 
Readback: CL DAC to ADCl & 2 17.5 18.0 
Readback: CL DAC to ADC3 17.0 17.9 

ADC output rate is 4 kHz, the readback ENOB is reduced 
another 1.25 bits. 

Stability 
Stability is tested by observing the setpoint output 

voltage for extended periods at fixed DAC setting near 
fiill scale. For example Figure 3 shows the setpoint output 
varying 1.1 mV over a 40 minute interval where ambient 
temperature drops 2.6 C. A temperature coefficient for the 
DAC of 44 ppm/°C at a 10 V full scale is estimated from 
this data. 

Stability under local feedback was implemented using 
the internal ADC to compensate for DAC drift. 
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40 60 n 
Time, minutes. 

Figure 3. The Vref and Va2I follow the Vsp +10 V 
DC signal. The Va22 monitors the Vol. 

The test program was run for 50 hours. The average of 
every 100 points was taken, then averages were analyzed 
(Fig. 4). 

23.5 u 

a       25      30 
Time, hours. 

Figure 4. The Vref monitors the DC + 9 V signal 
of the SP DAC - ADC2 - SP DAC feedback loop. 

• The deviation of the averaged data is less than ±50 
HV; not averaged result is ± 200 ^V. 

At the fast ramp after 23"''' hour, Vref drifts to 43 ^V (to 
the minimum), the temperature varies to 1.21 °C. 

• Vref ramp drift is 3.6 ppm/°C. 
The long slope from 0 to Vref minimum gives the Vref 

and temperature drifts: 82 jaV and 1.7 °C respectively: 
• Vref long term slope drift is 4.8 ppm/°C. 

Probably, this drift is due to the External Reference 5.4 
ppm/°C temperature coefficient at 9 V scale. 

The same routine was performed with the CL DAC and 
ADCs. The Va3 (Vmon) and Va22 (Imon) deviation was 
± 300 nV and ± 250 |aV respectively. The feedback loop 
was closed through the ADC2. The feedback signal was 
bouncing within the CL DAC bit level, after few steps the 
CL DAC was tuned to the required value and then did not 
change it over 50 hours. So the feedback was not in use 
most of the time. The Va3 and Va22 averaged deviations 

are 74 ^V and 54 |aV respectively. The maximum 
temperature drift was about 6 °C, the total drift - 1.2 
ppm/°C and 0.9 ppm/°C for the ADC3 and the ADC2 
respectively. 

SUMMARY 
The 170 CANDI corrector power supply controller 

boards were fabricated and assembled. Their performance 
was tested and exceeds requirements. Accuracy after the 
calibration is within ±300 p,V at fiill scale. 

Noise on the analog set point voltage varies from 17.7 
to 17.3 ENOB. The current read back ranges from 18 to 
17.5 ENOB. Stability over 50 hours is about ± 200 |j,V 
and 5 ppm/°C for the set point, and ±250 ^V and 
1 ppm/°C for the analog read back. 

The whole system shall be assembled and 
commissioned on the SPEAR-3 light source. 
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MODIFICATION OF THE CORRECTION BIPOLAR POWER SUPPLY OF 
THE STORAGE RING 

Chen-Yao Liu, Justin Chiou, Yuan-Chen Chien, Chang-Hor Kuo 
National Synchrotron Radiation Research Center lOlHsin-Ann Rd, Science-Based Industrial Park 

Hsinchu 30077, Taiwan, R.O.C. 

Abstract 
To satisfy performance l.SGeV beam current 

requirement in storage ring, the correction power supplies' 
output current ripple have to be low enough from GHz to 
10 kHz. To suppress the output current ripple noise from 
GHz to 10 kHz, the correction power supplies must be 
modified from the normal frequency response to higher 
bandwidth to make the beam current performance in 
storage ring better. The controller gain of the correction 
power supplies is changed to detect the high frequency 
dynamic current ripple. A control gain modification 
scheme is presented here and the correction power supply 
with control gain modified have been proven to exhibit 
excellent output current ripple reduction from OHz to 
lOkHz. Results and measured performance will be 
presented in this paper. 

INTRODUCTION 
The correction power supplies are responsible to 

control the correction magnets to steer the beam current 
to stay within the desired trajectory in the storage ring. 
Hence, the output current performance of the correction 
power supply will greatly influence the stability of the 
beam current. To future improve the beam current 
stability, the correction power supply's output 
performance is measured and investigated. It is found that 
the correction power supply's control gain has major 
contribution on the stability of the beam current. 

Three major factors are evaluated for the performance 
of the correction bipolar power supply: [1] G~lGkHz of 
the current ripple response [2] long term stability of 
output current [3] Output noise current level. After the 
internal control gain is modified inside the correction 
bipolar power supply, not only the output current 
performance is satisfied, but also the low and high 
frequency output current response is good for various 
correction magnet loads of the storage ring. 

This makes the control gain more adaptable to 
different loads. Most of all, when changing different 
correction magnets load to the correction power supply, 
the output current ripple of the correction bipolar power 
supply is under the specified specification. Compared 
with the old correction bipolar power supply, correction 
power supply's adaptability to various load is achieved by 
adjusting the control gain of the correction bipolar power 
supply. The correction bipolar power supply of NSRRC 
mentioned in this paper is designed by INVERPOWER 
Corporation. The block diagrams of the model SRR-22G- 
25-IV as shown in the following Figure 1. 

Figure 1: Model SRR-220-25-20-IV of the 
INVERPOWER power supply 

MODIFICATION PRINCIPLE 
The major principle to modify the controller gain of 

the correction bipolar power supply, is to make the 
control gain of the current feedback loop meet the 
requirement of the output current ripple response of the 
correction bipolar power supply and the magnet both 
under the spec. To reduce the current ripple response, the 
correction bipolar power supply and the correction 
magnet is combined and regarded as one single system in 
our modification scheme. The control gain adjusted is the 
total feedback gain of the whole system. 

For the adjustable function of the current feedback 
loop circuit, the characteristic of the current ripple 
response is specially paid attention to. The DANFYSIK 
DDCT 866 current measurement system and the HP 
35670A dynamic signal analyzer are apphed to analyze 
the total quick response of the current ripple response. 
The current ripple response measurement is shown as 
Figure 2. 

Correction power supply rm 
Dan^inriLCuiranl   ' 

SyrtND (DCCT Zcro-ninQ" 

Computer With 

OPIB Unk 

Labview Software 

Hp3458A 

Muli_ Meter 

I 
HP 35670A 

DSA 

Figure 2: Block diagram of the current ripple response 
measurement system 
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Another important principle we certainly considered in 
the design is the stability of the feedback signal and the 
setting signal. A main circuit diagram of the control gain 
stage of the total correction bipolar power supply is 
shown as figureS. 

Figure 3: Main circuit diagram of the control gain stage of 
the correction bipolar power supply 

For old requirement, the output current ripple variation 
has to be under lOOppm specification. For new control 
gain modification of the correction bipolar power supply, 
not only the adjusted correction power supply should 
meet the need of the old requirement, but also the current 
ripple from GHz to lOkHz is also controlled under 
lOOppm for the total ripple amount. To reach this purpose, 
the type and the structure of the controller was researched 
first for our designing the modified control gain step by 
step. Before we design the modified control gain. As 
shown and analyzed in Figure 3, the control stage of the 
correction bipolar power supply is of Proportional 
Integration Controller type (PI control), the error signal is 
first integrated and then amplified by a proportional gain 
stage. By adjusting the gains in both the integral and 
proportional stage. We can observe its effect on the 
output current ripple performance. 

Figure 4: The current ripple increase from several 
hundred Hz to about 5kHz and then drops slowly as 

frequency increase. 

Since the higher PI control gain of the correction 
bipolar power supply reacts with high speed, the fake 
signal produced by the parasitic noise in the circuit will 
make the feedback signal more sensitive. The resonance 
problem of the output signal will also contribute noise. To 
solve this problem, the control gain of the correction 
bipolar power supply is required to be low. The frequency 
response of the output current before gain adjustment is 
shown as Figure 4. It's observed that the current ripple 

increase from several hundred Hz to about 5kHz and then 
drops slowly as frequency increase. 

The reason for this peak is due to the high input 
impedance seen by the correction power supply. Figure 
5 shows the frequency response of the impedance seen by 
the correction magnet power supply. 

K       <c      <e ■-       W 
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Figure 5: The frequency response of the impedance seen 
by the correction magnet power supply 

The modification scheme is to lower the control gain to 
suppress high frequency output ripple but large enough to 
drive the correction magnet. The criteria to determine 
whether the control gain is too high is to observe the 
output current step response and check if there is 
overshoot occurs. The output current step response is 
shown in figure 6. 

,^^ 

. "f 

_J 

(a) (b) 
Figure 6: The setting signal (a) and current for step 

response of the correction bipolar power supply and 
magnet system (b) 

TESTING AND RESULT 
After obtaining the parameter values of the controller 

from our lab, we load these experimental data into the 
correction bipolar power supplies of the storage ring. 
After carefiil testing of every correction bipolar power 
supply of the storage ring, it is relatively workable, 
reasonable and of good performance in the storage ring. 

The testing data is collected and integrated for the 
reference in the ftiture. The important parameter of the 
control gain of the correction bipolar power supplies in 
the figure 3 are listed below: 

PI Control Gain 

Old Control Gain: R42=47k ohm & R44=47K ohm 

New Control Gain: R42=22k ohm & R44=15K ohm 

The measurement resuhs are shown in Figure 7-8. It 
is shovm that not only the current ripple of the high 
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frequency resonance is reduced, but the current ripples of 
60Hz and 60Hz's harmonics are also reduced. 

%   ::: I- y /% 

'% ^v 
(Frequency: 0~400Hz)    (Frequency: 0~10kHz) 

Figure 7: The output current ripple of the correction 
bipolar power supplies (old control gain at OAmp.) 

,.X '■^v.,>..i ■V,- % '■tWi».K»v<«",*,v,ui| 

(Frequency: 0~400Hz)     (Frequency: 0~10kHz) 
Figure 8: The output current ripple of the correction 
bipolar power supplies (new control gain at OAmp.) 

The output noise current level is observed to be 
reduced from original -1 lOdB to be about -120dB. 

Next, the output current is set to 10 Amp to observe 
it's output current ripple performance. The measurement 
result is shown as Figure 9-10: 

 A 
Kl'j^,/ 

V;. 

"**. 
I^L 

(Frequency: 0~400Hz)   (Frequency: 0~10kHz) 
Figure 9: The output current ripple of the correction 
bipolar power supply (old control gain at lOAmp.) 

(Old control gain) (New control gain) 
Figure 11: The long-term stability output current (lOAmp. 

Output) testing of the correction bipolar power supply 

CONCLUSION 
In the design and testing process, applying the 

technique of RC filter and ^T circuit to the output stage, 
the effect of this is limited since the high frequency 
current resonance problem is not solved. However, by 
adjusting the interior control gain of the correction bipolar 
power supplies, the output current ripple is greatly 
reduced. After modifying every correction bipolar power 
supply of the storage ring one by one and then putting all 
the correction bipolar power supplies back to the storage 
ring system, the performance of the beam current 
observed is found to be better. The beam current qualify 
in NSRRC is greatly improved. 
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(Frequency: 0~400Hz)   (Frequency: 0-1 OkHz) 
Figure 10: The output current ripple of the correction 
bipolar power supply (new control gain at lOAmp.) 

Although the considerable achievements on reducing 
the current ripple, it has to be considered whether or not 
the long-term stabilify of the output current will be 
effected by changing the control gain, the long-terms time 
domain results are shown as Figure 11. It is shown that 
the output performance is not effected by the new 
controller parameter. 
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INCREASING OUTPUT CURRENT STABILITY OF POWER SUPPLY 
WITH COMPONENT REPLACEMENT 

Kuo-Bin Liu. Chyi-Shyan Fann and Yuan-Chen Chien 
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Abstract 
Quadrupole magnets of storage ring must be served 

with power supplies (quadrupole power supplies) with 
+/-100 ppm long-term output current stability in 
Synchrotron Radiation Research Center (SRRC). Using 
power supplies with lower long-term output current 
stability could save money but need another control loop 
to increase their performance that will increasing the 
complexity of circuitry of quadrupole power supply. 
Without adding another control loop, some components of 
quadrupole power supply are replaced by ones with more 
precious and insensitive to temperature variation; so that 
the same circuitry structure of quadrupole power supply is 
kept without increasing its complexity and could reach 
+/-25 ppm long-term output current stability. 

1 INTRODUCTION 

There are four families of quadrupole magnets at 
storage ring of SRRC, and each family of quadrupole 
magnets includes twelve quadrupole magnets. In original 
operation condition of SRRC, each family of quadrupole 
magnet is served with one SCR-type power supply that 
with +/-100 ppm long-term output current stability and 
these four power suppUes were operated well in the 
operation period. After insertion devices were installed at 
the straight section of storage ring, there are there families 
of quadrupole magnets must be separate into six groups 
due to there are six sections in storage ring so that the 
quantity of power supplies should increase six times but 
with six times lower power. 

The specification of these eighteen power supplies is 
+/-1000 ppm long-term output current stability instead of 
the original +/-100 ppm long-term output current stability 
because of the shortage of budget, so there must be some 
procedure to improve the stability of these eighteen power 
supplies to be ±100 ppm to meet the specification and let 
electron beam to be stored stably at storage ring. 

Addmg extra control loop formed by personal 
computer, HP 36601A DVM, Danfysik ULTRASTAB 
866 DCCT[1], VISHAY 5 Q. burden resister[2] with 
5ppm/°C temperature coefficient and computing algorithm 
could meet the +/-100 ppm long-term output current 
stability. These eighteen power supplies are controlled 
with AIAO and DIDO interface that is different to the 
original interface and this problem could be solved with 
installing    IEEE-488    interface    card    into    PC    to 

communicate with main computer. 
Due to communicating speed concern, finally, default 

AIAO and DIDO interface is the better way for 
Instrument & Control group to integrate and speed up 
their control environment so the added control loop with 
IEEE-488 based must be removed and +/-1000 ppm 
long-term output current stability should be improved to 
be +/-100 ppm by another method. 

In this experiment, the method used to achieve higher 
long-term stability of output current of quadrupole power 
supply is to replace original devices of control circuitry of 
quadrupole power supply with lower temperature 
coefficient components. 

There were several devices of control circuitry replaced 
and each one of them makes obvious contribution on 
long-term output current stability of quadrupole power 
supply, so measurement will be demonstrated for any 
replacement of device. 

2    IMPROVEMENT OF STABILITY BY 
ADDING EXTRA CONTROL LOOP 

The specification of long-term output current stability 
of these eighteen power supplies with AIAO & DIDO 
control interface is +/-1000 ppm and figure 1 shows the 
actual performance is about 600 ppm that is a little bit 
better than the specification. 

Figure 1: Original long-term output current stability 

But from the stable operational point of view of storage 
ring, 600 ppm long-term output current stability is too 
high compared with +/-100 ppm requirement. 

After adding extra control loop formed by personal 
computer, HP 36601A DVM, Danfysik ULTRASTAB 
866 DCCT, VISHAY 5 Q burden resister with 5ppni/°C 
temperature coefficient and computing algorithm, the 
improvement is obvious and figure 2 shows it's about 100 

0-7803-7738-9/03/$17.00 © 2003 IEEE 
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ppm that is good enough. ISO120BG and the differential amplifier could be used in 
the reference input stage of quadrupole power supply by 
changing some wiring. Long-term output current stability 
quadrupole power supply is improved as figure 3 after 
AD708 was introduced. Within 200ppm long-term output 
current stability is achieved and improvement is obvious 
compared with figure 1. 

Figure 2 : Long-term stability of output current 
after adding extra control loop 

3 IMPROVEMENT OF STABILITY BY 
REPLACEING REFERENCE INPUT 
STAGE OP AMPLIFIER 

Increasing over all control environment speed, 
Instrument & Control group requires more fast control 
interface for every subsystem, based on this requirement 
the control interface of quadrupole power supply is 
changed fi-om IEEE-488 to AIAO and DIDO interface, 
and this change is just return the control interface of 
quadrupole power supply to default one. 

With AIAO and DIDO control interface, current 
control and read-back are analog signals and there is a 
long distance between current control crate and 
quadrupole power supply so that ground loop between 
these two systems exists. Ground loop at times can be a 
source of noise, if the magnitude of noise is too large such 
that control circuit of power supply will be affected and 
the performance of power supply degrade. The effect of 
ground loop can be eliminated or at least minimized by 
isolating these two circuitry and isolation can be achieved 
by transformer, common mode choke, optical coupler, 
balanced circuitry, frequency selective grounding or 
isolation amplifier. 

There are two current control reference input stages for 
quadrupole power supply, remote control state and local 
control state. In normal remote control state the only 
concern is the long-term output current stability of power 
supply. The circuitry used as remote current control 
analog input stage is an isolation amplifier 
BURR-BROWN ISO120BG[3]. The performance of 
isolation of BURR-BROWN ISO120BG is undoubted, 
but temperature coefficient of some parameters (include 
gain, input offset voltage, ...etc.) seems too large so that 
better long-term output current stability is impossible. 

Instead of an isolation amplifier, the local reference 
input stage of quadrupole power supply is a differential 
amplifier composed of four resistors and an AD708[4] 
operation amplifier. As stated above, a differential 
amplifier is also able to eliminate or minimize the effect 
of ground loop. Furthermore, the temperature coefficient 
of AD708 is much lower than that of BURR-BROWN 

Figure 3 : Long-term output current stability after 
modification of reference input stage 

4   IMPROVEMENT OF STABILITY BY 
REPLACEING DIRECT CURRENT 
CURRENT TRANSDUCER 

The original direct current current transducer(DCCT) is 
LEM LT 300 - S/SP 9[5], the accuracy of nominal analog 
output current is about 500 ppm and this parameter seems 
not good enough for power supply to get very good 
long-term output current stability because the temperature 
inside power supply should rise when power is delivered 
to magnet. 

The temperature coefficient of secondary compensation 
current of Danfysik ULTRASTAB 866 DCCT is 1 ppm/ 
°C better than that of nominal analog output current of 
LEM LT 300 - S/SP 9, there is so much difference on 
temperature coefficient and the replacement of these two 
transducers is not difficult that make us believed this 
replacement could benefit long-term output current 
stability of quadrupole power supply. Figure 4 shows the 
result after Danfysik ULTRASTAB 866 DCCT is 
installed. 

Figure 4 : Long-term output current stability after 
replacement of DCCT 

Long-term   output   current   stability   is   improved 
obviously and under 75 ppm that is better than the 
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specification we need. 

5   IMPROVEMENT OF STABILITY BY 
REPLACEING BURDEN RESISTER 

No matter what DCCT we used for the feedback loop 
of quadrupole power supply, there still need a burden 
resistor to be a load for DCCT that output secondary 
compensation current in ratio to measured current to get a 
voltage value. 

The original burden resister is a metal film 1% 10 ohm 
resister and it's temperature coefficient is imknown but 
it's a trial for this resister to be replaced with a VISHAY 
5 ohm resister with 5ppm/°C temperature coefficient. 

Long-term output current stability is under ±50 ppm as 
shovra in figure 5 after VISHAY 5 ohm resister with 
5ppm/°C temperature coefficient is installed and even 
more after about 10 minutes warm-up tune ±25 ppm is 
achieved. 
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Figure 5 : Long-term output current stability after 
burden resistor is replaced 

6   CONCLUSION 

The long-term output current stabiUty of quadrupole 
power supply used at SRRC is improved by utilizing 
lower temperature coefficient components to replace 
original ones that include reference input stage OP 
amplifier, direct current current transducer for current 
feedback and burden resister. 

All experiments are proceed at full power output of 
maximum 250 amperes output current of quadrupole 
power supply, this should be the worst case because at 
this operational condition temperature inside quadrupole 
power supply should rise higher than other lower output 
current. There are obvious results show every replacement 
of component could contribute improvement on long-term 
output current stability and it's could be said performance 
of quadrupole power supply is less sensitive to 
temperature variation. 

All of improvement procedures are just to replace some 
components and do not change the circuitry of quadrupole 
power supply that could simplify the maintenance work. 
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1400A, +/- 900V PEAK PULSE SWITCH MODE POWER SUPPLIES 
FOR SNS INJECTION KICKERS 

S. Dewan (DPS), W. Eng (BNL), R. Holmes (IE), R. Lambiase (BNL), K. Rust (SNS), 
J. Sandberg (BNL), J. Zeng (UOT) 

Abstract 
This paper describes simulation and experimental results 
for a 1400A, + 900V peak rated, switch mode power 
supply for SNS Injection Kicker Magnets. For each 
magnet (13 mD, 160^11), the power supply must supply 
controlled pulses at 60 Hz repetition rate. The pulse 
current must rise from zero to maximum in less than 1 
millisec in a controlled manner, flat top for up to 2 
millisec, and should fall in a controlled manner to less 
than 4A within 500tis. The low current performance 
during fall time is the biggest challenge in this power 
supply. The simulation results show that to meet the 
controlled fall of the current and the current ripple 
requirements, voltage loop bandwidth of at least 10 kHz 
and switching frequency of at least 100 kHz are required. 
To achieve high power high frequency switching with 
IGBT switches, a series connected topology with three 
phase shifted (0°, 60° & 120°) converters each with 40 
kHz switching frequency (IGBT at 20kHz), has been 
achieved. In this paper, the circuit topology, relevant 
system specifications and experimental results that meet 
the requirements of the power supply are described in 
detail. A unique six pulse SCR rectifier circuit with 
capacitor storage has been implemented to achieve 
minimum pulse width to meet required performance 
during current fall time below 50A due to the very narrow 
pulse width and non-linearity from IGBT tum-on/off 
times. 

INTRODUCTION 
This paper deals with the description, experimental and 

simulation results of the 1,400A, +900V switch mode 
converter with six pulse SCR rectifier circuit and storage 
capacitors. In section 2, the basic converter topology 
including system parameters is described. The relevant 
specifications are outlined in section 3. The simulation 
results are outlined in section 4. In section 5, the 
experimental results show good agreement between 
experimental and simulation results both at low and high 
current values. Section 6 discusses the major conclusions 
of this research. 

BASIC CONVERTER SYSTEM 
Figure 1 shows the essential elements of the two- 

quadrant switch mode converter system. For the function 
of components with lighter lines, refer to reference 1 for 
details. 

All the essential circuit parameters on Fig.l are the 
same as reference 1. Additional components added to 

improve low current performance are shown in thicker 
lines in Fig.l. The function and parameter values of these 
additional components are as follows; 

• DC storage capacitor Cs to provide essentially a 
DC source of approximately 60V with low ripple to 
keep minimum pulse width in the IGBT switching 
modules. The value of Cs is 1.64F. 

• DC filter choke La (30|iH) to reduce the 360 Hz 
ripple in the six pulse rectifier 

• Six pulse SCR rectifier (SCRs, Ql to Q6) that 
operates in the inverting region at delay angle 
a=135°. 

• An isolating transformer LRT (460:58V) to isolate 
the load from the 3 phase input 

SYSTEM SPECIFICATIONS 
This section identifies the significant performance 

requirements/results for input and output of the pulse 
converter. 

Input 
Voltage RMS 
Current RMS 

Output 
DC Voltage 
DC Current 

Pulse Repetition 
Frequency 
Switching Frequency 
Large Signal Current 
Response 
Load Current Tracking 
Tracking Error 
Load Current Fall time 
Current Stability 
In Flat Top 
Magnet Load 

460V,+10%,-5% 
50A 

0 to 900V, 0 to-900V 
0 to 1,400A max. Pulsed 
(400Arms equivalent) 

60Hz 
108kHz 

>2kHzat45°Shiftatl.4kA 
See Figure 2 
0.1% 
< 0.5msec. from 1.4kAto 4A 

<0.1%(1.4A) 
L= 160nH, R=0.013Q 

Note: 
The linear rise plus the flat top of the current 
reference waveform varies from 2 to 3 ms and 
since fall varies from 280 us to 1 ms, the worst 
case pulse width is 4 ms. 
The fall time for the reference is 280 jis and 
the load current falls to less than 4A in less 
than 500 (is. Any overshoot on the current 
waveform shaU settle in less than 300 ^s. 
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^.    I i zs zk ii*J Current Sensor 

Volta|e Sensor 

Figure 1 Basic 1,400A, +900V Converter System with Energy Storage Capacitor CS and Six Pulse SCR Rectifier 

Fig.2 Output current (lOOAA'^) and required output 
current feedback (lOOA^V), according to system 

specifications 

SIMULATION RESULTS 
This section provides the following simulation results 

(in addition to the simulation results in reference 1): 
i.    Figure 3 shows output current U, and output voltage 

(Vo) for rated value of i^ 
Figure 4 shows energy storage capacitor current 
(4s) and output current io for rated value of io 
Figure 5 shows filter inductor (La) current (4) and 
six pulse rectifier voltage (v^) for rated value of io 
Figure 6 shows output current z'o, and output voltage 
(Vo) for io near zero for rated value of io 

These results meet the required critical specification 
close to zero output current. These results show how a 
minimum DC voltage is introduced in the circuit that 
absorbs and acts as a DC battery source. A storage 
capacitor CS only absorbs AC current, DC current {i^) 
returns the active DC power to the ac source due to 
inverter region operation of the six pulse bridge (delay 

11. 

111. 

IV. 

angle a=135°). The steady state DC storage capacitor 
voltage (Vs) is 65V with 0.5V peak to peak ripple at 
pulsing frequency of 60 Hz. 
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Figure 3 output current ^ (500A/div), and output 
voltage Vo(500V/div) for rated value of 4 
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Figure 4 Energy storage capacitor current ;„ (500A/div) 
and output current 4 (500A/div) for rated value of 4 
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Figure 5 Filter inductor La current /ia(100A/div) and six 
pulse rectifier voltage Vre(100V/div) for rated value of/„ 

\ 

Figure 6 Output current 4 (5A/div), and output v 
Vo(200V/div) for /„ near zero for rated value of /„ 

EXPERIMENTAL RESULTS 
Experimental results shown in figures 7 to 10 are in 

close agreement with simulated results in figures 3 to 6. 

Figure 7 Output voltage Vo (lOOV/div) and output 
current io(400A/div) 

Figure 8 Capacitor current /„ (240A/div) and output 
current Jo( 140 A/div) 

Figure 9 Output voltage of SCR rectifier v,e (25V/div) and 
filter inductor current iia (250A/div) 

Figure 10 Output current z'o (4A/div), and output voltage 
Vo(100V/div) for ionear zero for rated value of 4 

CONCLUSIONS 
This paper has discussed the features and results of a 

high power amplifier. The desired rise, flat top and fall 
time current results were achieved for pulse magnet 
current fi-om 1,400A to 4A. The main problems are: 

1). The peak to peak ripple current at flat top is about 
4A (required is 1.4A) 

2). The current tracking between two similar units 
should be better than 0.5%. A great deal of simulation 
work is needed to establish the most sensitive parameters 
that affect current tracking. Also means must be identified 
to correct for practical variations in load parameters. 

Further modification to the converter circuit and 
controls to achieve desired ripple and tracking current 
performance will be presented in a subsequent paper. For 
any question, please contact 

Shashi Dewan (dewandps(g)aol.com^ 
Bob Holmes (iepowerfSjiepower.com't 
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FLUKA SIMULATIONS OF THE LOSS OF THE STORED ELECTRON 
BEAM AT BESSY * 

K. Ott t, BESSY, Albert - Einstein 
Abstract 

The synchrotron light source BESSY consists of a 50 
MeV microtron, a full energy synchrotron and a 1.9 GeV 
storage ring. At synchrotron light sources the accidental 
loss of the stored beam can occur several times a year. This 
could mean a considerable risk for the users because of the 
bremsstrahlung flash coming through the open beamshut- 
ters. This is to our knowledge the first time, that this 
occurences are discussed in detail for synchrotron light 
sources. We used the particle interaction and transport code 
FLUKA for the calculations in different scenarios. We 
present here additional radiation safety measures based on 
the FLUKA results that decrease the possible personal dose 
from those beam losses below 1 mSv/year. Comparisons of 
the FLUKA results with semi - empiric formulas for radia- 
tion through lateral shielding are presented too. 

INTRODUCTION 

The storage ring BESSY II is in operation since 1998 and 
since 1999 used for a regular scientific program with syn- 
chrotron radiation. It has an extended double bend achro- 
mat lattice with a 16-fold symmetry. Up to 14 straight 
sections are suited for the installation for wigglers, undu- 
lators and wave length shifters (WLS). Two sections are 
used for the rf system and the injection septum. The full 
energy booster (1.9 GeV) operates in 10 Hz and is used 
asynchronously to fill the storage ring with bunch trains of 
300 nsec. The short injection periods (< 2 min and 3 to 5 
times a day) are crucial for the annual radiation dose out- 
side the shielding wall. 

The electron losses at the vacuum system causes 7 - ra- 
diation, giant - resonance neutrons quasi - deuteron fission 
neutrons and neutrons from photo - pion production. (The 
maximum of the energy spectrum of both 7 and neutron 
radiation is at about 1 MeV). 

In every beam line angle at the closest transversal dis- 
tance to the machine a stationary 7 und neutron measure- 
ment system is installed outside the shielding wall in the 
experimental hall. The detectors are a ionisation chamber 
and a BF3 counter and are sufficient to measure the pulsed 
7 and neutron radiation during injection without loss of in- 
formation. The measurement period is dependent of the 
dose rate and can be reduced down to 1 sec automatically. 
The data are accumulated by a PC every minute. 

The measurement system is in operation since 1998 and 
we found values between of 0.8 -1.2 mSv/year at the sec- 
tions 2 - 15 and 3.8 (1998) - 2.2 mSv/year (2002) at the 
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injection septum (section 1) with falling tendency because 
the machine test periods have been reduced. The values in- 
clude the natural annual dose which is 0.6 mSv/a in Beriin. 

The synchrotron radiation has a critcal energy of 2.5 
keV (dipols), 2 keV (wigglers) and 1 keV (undulators), 
so it is completely absorbed in the vacuum system with 2 
mm stainless steel. The critical energy at WLS beamlines 
rises up to 10 keV, so at these beamlines are located within 
hutches with a lead screening up to 5 mm. 

At the ID beamlines the 8 m gas target of the 
straight section causes in forward direction 300 mSv/h gas 
bremsstrahlung at 10"'^ Pa and 1.7 GeV in a cone with an 
angle of 0.6 mrad (2/7). At ID beamlines with a mirror 
chamber this radiation is absorbed with 30 cm Pb in for- 
ward direction. ID beamlines without a mirror chamber are 
secured by a personal interlock system. 

So from the considered contributions to the personal 
dose the limit of 1 mSv/a for non - radiation workers is 
hold in the experimental hall. 

What we discuss now is the contribution of the acciden- 
tal loss of the stored beam with opened beamshutters which 
occurs about 50 times a year at BESSY. 

ACCIDENTAL BEAM LOSSES 

At BESSY the electrons lose 170 keV per cycle within 
the convolution time of 840 nsec which is 10~^ of the nom- 
inal energy of the storage ring. Dependent of tune and chro- 
maticity the storage ring accept electrons within max. 5 % 
of the nominal energy. That means that the electrons will 
be outside the dynamical aperture within 500 cycles or 0.4 
msec if the rf system is switched off by a failure function 
or by an interlock circuit. 

Beam losses are also caused by failures of power sup- 
plies or the control system. If the power supply cu-cuit of 
the main ring dipoles is switched off, it lasts 700 msec (RL 
circuit) until the current is zero. 

From 

x{so) = 6 Pjso) 
2 tan TTQ (1) 

and Q^ = 17.8, Qy = 6.7 /3™"^ = 17m,/3^"^ = 20m 
one gets the orbit change x where the distortion kick 6 oc- 
curs. So in the horizontal and vertical direction a kick at a 
high 13 location of approximately 1 mrad is necessary for 
an orbit change of 10 mm, which is usual sufficient for a 
beam dump. 

So if we compare this with the deflection angle of a 
BESSY dipole of 196 mrad, we can estimate, that a beam 
loss will occure within 3.6/32 msec if the power supply 
of the 32 main dipoles is switched off. (The dipoles are 
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located at places where the horizontal 13^ function is max- 
imal). This means too, that the primary particles cannot 
reach the experimental hall through a 0° insertion device 
beam line because at the time of the beam loss almost 
the complete magnetic field of the dipoles still deflects the 
electrons. 

For beam losses caused by failures of the power supply 
or control system of other magnets (steerer, quadrupoles, 
sextupoles) we can estimate the time until the beam is lost 
< 1 msec with similar arguments. 

In the average the electrons are lost by crossing the vac- 
uum chamber at places where the /? - function is large and 
/ or the aperture is small around the ring. 

If we consider the annual dose, we can assume that the 
annual electron losses are divided around the ring. But for a 
single event one cannot make this approximation. Because 
it is impossible to give a limit of electron losses at a given 
straight section or other place in an electron storage ring 
due to a single beam dump, we consider the situation con- 
servativly and assume, that at a single event all electrons 
are lost at one place as a point source. 

FLUKA SIMULATIONS 

The consequences of a beam loss with open beam shut- 
ters has to be investigated with a Monte Carlo program [1] 
because the intensity of the resulting radiation field in the 
experimental hall has to be known as a function of the area. 
Semi - empirical formulas e.g for labyrinths are not appli- 
cable for these calculations. 

At the BESSY beamline angles we have three openings 
for beam lines at 0° from insertion devices, 4° and 6.7° 
from the first dipol. The shielding wall in forward direction 
at the beamline angles consist of a 5 cm lead screen (beam 
height ± 20 cm) and 1 m heavy concrete. 

There is also the possibility of using a 2° beamline of 
the second dipole, but this occurs up to now at only two 
sections. The beamline from the second dipole has to pass 
through the side shielding wall with a length of 8 m, so the 
risks of the accidental beam losses are far less because of 
collimating effect. We focus in the following on the situa- 
tion in forward direction at the beamline angle. 

Because of the correct inclusion of collimating and stray 
radiation effects, we use real beamline geometries with col- 
limators and variabel cross sections at both dipole and in- 
sertion device beamlines. From the beam line types used 
at BESSY we used that with the largest aperture for the 
FLUKA calculations. The origin of the diagrams is located 
at the end of the straight section (at the beginning of dipole 
I). The dipoles are not included, but can be localized as 
gaps between die machine beamline pieces. 

Neutron doses caused by the accidental beam losses in 
forward direction are more than an order of magnitude 
lower than the 7 doses and not considered in the follow- 
ing. 

Scenarios 

The most important scenario (see fig. 1) is the calculation 
of the electron - photon cascade in forward direction along 
the 0° beamline which passes through the first dipole too. 
We use here a 2.0 cm thick (radius 2.5 cm) target on which 
the electron beam (lO^^g- ^f ^j Qgy^ j^j^^ ^^ normal in- 
cident. Such a scenario can occure if the electron beam 
hits the vacuum chamber (d = 2 mm) of the first dipol at 
half of the deflection angle, a thin hindrance in the vacuum 
tube or a misaligned insertion device vacuum chamber in 
combination with a wrong four magnet bump. 

This scenario is conservative because the target has ap- 
proximately the thickness of the radiation length of iron 
(1.8 cm), that means two thirds of the energy can pass 
through the dipol as bremsstrahlung flash and the target is 
thin enough, so that it has no self absorption. These thick- 
ness was used also by Ferrari et al. [4] to maximize the 
bremstrahlung in forward direction. 

At the 0° beamline we use a steel box with a 15 cm thick 
piece of silicon to modelize the mirror chamber. The ab- 
sorber for the bremsstrahlung is of lead (30 cm) within a 
lead wall (10 cm) to absorb stray radiation. On the left and 
right hand side of the bremsstrahlung absorber are two lead 
stripes (thickness 5 cm, length 30 cm, height 10 cm) per- 
pendicular to the stray aborber and parallel to the beamline. 

Figure 1: ^ = 0°7 radiation, dose in Sv/ dump (10^^ elec- 
trons) 

The source term of the 7 radiation for a target in forward 
direction was investigated by several authors [2], [3], [4] 
but their results differ at almost two orders of magnitude. 
One reason of this is that the detector or the binning ge- 
ometry does not match with the small angle cone (2/7) in 
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which the bremsstrahlung is enmiitted. Therefore small de- 
tectors has to be used to investigate the geometrical spread 
of this type of radiation. But this decreases the statistics 
or increases the computing time. Another reason is that 
so called thick targets are used, whose self absorption in 
forward direction is considerable. In the case of thin un- 
shielded targets the correct inclusion of the low energy part 
of the electron - photon cascade and the correct inclusion 
of yS doses at close distances seems questionable. 

To compare our calculations we use therefore the pa- 
per of Dinter et al [5], who investigated the dose behind 
beam absorber in forward direction. This geometry cor- 
respond with the situation at the O" beamline behind the 
30 cm lead bremsstrahlung absorber. With E = l.l GeV 
and 10^^ electrons we get from [5] for dose behind this 
absorber 20 //Sv/dump. This is close to our value of 8.5 
/xSv/dump. If we include our 2 cm iron target in the for- 
mula of Dinter et al. [5] (with good accuracy as copper, 
because no iron attenuation coelBBcient was given), we get 
10.5 fjJduxap which is in good agreement with our value. 

As the next scenario (see fig. 2) we consider the electron 
beam hitting the vacuum chamber of stainless steel with 
d = 2 mm at an angle of <j) = 2° between dipole 1 and 
dipole 2. This results in effective thickness of 5.7 cm is 
sufficient for the electron - photon cascade to develop and 
it has no transverse self absorption. The dump doses > 300 
/xSv/dump are located in a transversal distance < 0.5m of 
the dipole beamlines in the experimental hall. At the end of 
the dipole beamlines is a beamstop located with 10 cm lead 
thickness. At these place the mirror chamber of the dipole 
beamline is located in the reality too. 

1400 ■V4^=' W/ 1200 sr^^l 

1000 
■                  ^ 

t|^HH HwSf / 
■^^ 'M HHS      // 

'■■■-    V " ij 4 :W MB / 
800 1 ml 
600 1 f   I 
400 

^^^M m    m 
200 ' jSSB W    ^M 

n ^E^^S^^H I^ MmH 
Figure 2: <p = 2°j radiation, dose in Sv/dump (10^^ elec- 
trons) 

As last scenario we set the point source behind dipol 2. 
As scenario parameters we use again the hitting angle (f> = 
2°, target material iron, thickness d = 2 mm, de/f = 5.7 
cm or 3.3 radiation lengths. 

The three openings of the beamlines are screened by a 
lead stripe with the length of 4 m, thickness 5 cm and height 
of 10 cm within the storage ring tunnel. 

So from accidental beam losses downstream of dipole 2 
the radiation field does not exceed 0.3 mSv/dump. 

RESULTING SAFETY MEASURES 

We decided, to divide the experimental hall in a large 
area where the annual personal dose is < 1 mSv/a and six- 
teen small control areas, which are accessible for BESSY 
staff only. 

The borderlines of the 16 control areas are defined by the 
following criterions: a) The dose for a single beam dump 
has to be < 1 mSv/dump for the worst case scenario at 
the border of the control area, b) The annual dose of all 
beam dumps has to be lower than 1 mSv/section if the 50 
dumps/year are divided to all 16 sections equally at the bor- 
der of the control area. 

From a) and b) results the maximum dump dose in the 
border of the control area as < 0.3 mSv/dump. Accord- 
ing to this dose limit a fence was installed from the comer 
of the shielding wall to the lead screen. This lead screen 
against stray radiation was broadened to the left side. From 
the right edge of this lead screen the fence was installed 2 
m parallel to the shielding wall. The enclosure of the area 
was completed by installmg a door between the right dipol 
beamline and the shielding wall. 

In the few cases where the 0° wiggler/undulator beam- 
line has no mirror chamber (or the mirror chamber is far 
downstream) the complete beamlme is surrounded by a 
fence. In the case of wave length shifter beamlines the 
complete beamline is enclosed in a hutch, so no further in- 
stallations are necessary. 
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THE SHIELDING DESIGN OF THE METROLOGY LIGHT SOURCE 

K. Ott t, BESSY, Albert - Einstein - Str. 15, 12489 Berlin, Germany 

Abstract 

MLS will consist of a 100 MeV microtron and a 600 
MeV electron storage ring. The investigations of the ra- 
diation types occuring at those machines dependent of the 
electron energy, target and shielding materials, observat- 
ing angles and geometric aspects are well estabhshed, often 
condensed in semi - empiric formulas and in good agree- 
ment with the results of Monte Carlo codes like FLUKA 
for lateral shielding. But as important as the pure physical 
aspects of radiation are for a shielding design the operating 
times and modes and the considerations of possible crash 
scenarios. We present here an approach of considering fail- 
ure operating probabilities at electron storage rings based 
on years of radiation and operating observations of BESSY 
I and BESSY II for the shielding design of MLS. Compar- 
isons of FLUKA. calculations with the used semi - empiric 
formulas are presented too. 

INTRODUCTION 

The Physikalisch - Technische Bundesanstalt (PTB) 
needs a low energy storage ring as primary radiation nor- 
mal for photon energies in a spectral range from ultraviolet 
to extreme ultraviolet to accomplish her tasks as a govern- 
mental metrologic institution. The optimal technical so- 
lution is to build a low energy compact storage ring with 
an electron energy from 200 MeV to 600 MeV close to 
BESSY n in Berlin - Adlershof. The concept was devel- 
oped in cooperation with BESSY [1]. 

The preinjector will be a 100 MeV race track microtron, 
the acceleration to max. 600 MeV is resolved in the storage 
ring through ramping. Microtron and storage ring will be 
located in two different bunkers, so access to the microtron 
is possible during operation of the storage ring for i.e. at- 
tendance work. Access to the storage ring during operation 
of the microtron is not necessary. 

The guidelines given by the EURATOM are now law in 
the most member states of the European Community and 
since 2001 in Germany. The most important change was 
the decrease of the personal dose limit for non radiation 
workers from 5 mSv/a to 1 mSv/a. 

We decided to hold this limit within the experimental 
hall (surveillance area). The local dose limit for the general 
area (outside the buildung) are unchanged and 0.3 mSv/a 
for the indirect radiation, 1 mSv/a for direct radiation. The 
two bunkers are restricted area during operation because 
the dose rate limit respective to the german law of i? > 
3mSv/h can be exceeded. 

'funded by the Bundesministerium fur Bildung,   Wissenschaft 
Forschung und Technologie and by the Land Berlin 

t Email: ott@bessyde 

4 0m 
Mgure 1: MLS view; the infrared experiment(8) is located on the 
roof; shielding black: heavy concrete, blue-green normal concrete 

The roof of storage ring and micotron bunker is used for 
technical installations and so should be as accessible as the 
experimental hall with similar doses. 

MACHINE PARAMETERS 

The storage ring has a rectangular shape with four 
straight sections with pairwise different length. The two 
short straight sections are used for the rf and the injection 
septum, the two longer sections offer place for two undula- 
tors. 

Microtron 

Table 1: Microtron parameters 
Maximum energy: lOO MeV 
Number of cycles: 
AE / cycle: 
Pulse current: 
Rf frequency: 
Pulse length: 
Max. rep. rate: 
Energy spread: 
Emitance: 
Dipole field: 

19 
5.3 MeV 

10 mA 
2.9986 GHz 

100 nsec -1 //sec 
10 Hz 

0.1 MeV 
0.1 mm mrad 

1.13 T 

Such microtrons are used at the storage rings MAX I in 
Lund, Sweden and at ASTRID in Aarhus, Denmark. Both 
microtrons are identical and are offered now by Danfysik 
A/S commercially. 
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Storage ring 

Table 2: Storage ring parameters 
Injection energy: 
Energy: 
Current: 
Max. Current / bunch; 
Energy loss / cycle : 
Circumference: 
Straight sections: 
Natural emitance: 
Number of dipoles: 
Max. dipole field: 

100 MeV 
200 - 600 MeV 

1 electron - 200 mA 
3.3 mA/bunch 

7.53 keV/cycle 
48 m 

2 X 6 m, 2 X 2.25 m 
85 nm rad 

8 
1.3 T 

At 100 MeV the transversal damping times of the beta- 
tron oscillations during the injection are about 5 sec. There- 
fore a classical injection scheme would require an injection 
repetition rate of 0.2 Hz. M. Erikson developed at MAX I 
a different injection scheme using transversal stacking [2] 
which will be used at MLS too. With this injection method 
the repetiton rate is 10 Hz and the max. current of 200 mA 
is injected within 30 sec as optimal case as it is possible at 
MAX I. The 10 Hz injection scheme increases the electron 
losses considerable. 

OPERATING OF MLS 

For shielding design purposes, one has to distinguish be- 
tween two cases of storage ring (synchrotron) operation: 

a) The machine is used just to inject and produce syn- 
chrotron radiation (user mode). 

b) The machine is used for machine tests, machine ex- 
periments and some phases of the commissioning (machine 
test mode). 

The two modes differ considerable in electron losses and 
crash probabilities: 

Table 3: Operating times.modes a: user, b: machine tests 

Mode a b 
Weeks of operating / year 40 12 
Injections / day 5 10 
Injections / year 1200 600 
Operating of the microtron / injection [m] <10 <20 
Operating of the microtron / year [h] 200 200 

ELECTRON LOSSES 

The losses during acceleration in the microtron we esti- 
mate from respective numbers of the BESSY microtron as 
70 %. These losses occure during the first cycles at lower 
energies, so we assume the energy of the losses as 15 MeV. 
The electrons leave the ndcrotron after 19 cycles with the 

energy of 100 MeV. The electron losses during ramping are 
neglectable < 10"'* in comparison with the losses during 
injection and are not considered further. 

Electron losses occur in the transferline between mi- 
crotron and storage ring with a percentage of approxi- 
mately 10 % which we divide at one half in the microtron 
bunker and the other half in the storage ring bunker. The 
pulse length is 150 nsec and shorter than the revolution time 
of the electrons in the storage ring of 160 nsec so the injec- 
tion is conducted as single turn injection. The storage ring 
is operated with the rf frequency of 500 MHz, and the mi- 
crotron with 3 GHz. The electron losses due to the rebunch- 
ing in the storage ring are typically 50 %. The main cause 
of electron losses in the storage ring is the inefficiency of 
the injection according to the transversal stacking. From 
the minimum injection time of 30 sec one can estimate that 
the total electron losses in the storage ring are 98.7 %. The 
electi-on losses in the storage ring are divided in the relation 
4:6 between injection septum and four point sources. 

FAILURE HANDLING 

The electron losses presented in the previous section are 
the optimal case, the total losses the worst case. To prog- 
nosticate the annual dose, we have to estimate, how often 
per year the electron losses during injection are higher than 
the optimal case and how large the ammount of these in- 
creased losses is. We use an approach which has proved 
to be very successful for the prediction of annual doses at 
BESSY II [3]. 

We define Pu as the failure function probability for the 
user mode, PM for the machine test mode and tmax is the 
operation time of the microtron with 200 h/a for user op- 
eration and machine tests respective. We get then expres- 
sions for the effective annual operating times of the ma- 
chine component i (transferline 1 and 2, septum, point 
sources storage ring) for both normal and crash operation 
for user and machine test mode. 

inorTnal  j, 
i              — f^max ■f[{l-PU/M) 

k=l 

j.crash   J. 
t'i '— f'max ■ Pu/M ■ Y[{1 - PU/M) 

(1) 

(2) 

The probabilites Pu and PM we get from the compari- 
son of the minimum injection time with the respective an- 
nual average injection times [2]. One of the reasons of the 
accuracy of this approach compared with the usual arbi- 
trary estimates of the duration of crash szenarios is the fact, 
that electron storage rings are never operated optimized to 
minimum injection times. This is because injection times 
are usual short and the requirements of the users in respect 
of i.e. orbit accuracy and stability have priority. 
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PHYSICAL ASPECTS 

The main contribution of the radiation doses at electron 
storage rings causes from the electron losses during the 
short injection periods. When electrons hit under small an- 
gles the vacuum system bremsstrahlung is produced. This 
bremsstrahlung causes electron positron pair production 
and therefore an electron photon cascade with a maximum 
energy at about 1 MeV [6]. The bremsstrahlung also causes 
with (7,n) processes giant resonance neutrons and fast neu- 
trons with quasi deuteron fission. The threshold energy for 
the photo - pion process is 150 MeV, so this process is ne- 
glectable for this consideration. The energy spectrum of the 
giant resonance neutrons is mainly determined by the ma- 
terial of the target (vacuum system) and in the case of steel 
(iron) it is similar to the Cf spectrum with a maximum at 
1 MeV [5]. The cross - section for the quasi deuteron fis- 
sion is an order of magnitude lower than that of the giant 
resonance neutron production. To cdculate the effective 
cross - section for the production of the quasi - deuteron fis- 
sion spectrum one has to fold the respective energy depen- 
dent cross section with the spectrum of the bremsstrahlung. 
Hence the spectrum of neutrons is strongly increased at 
energies around few MeV. Even we take into account the 
lower attenuation coefficients for the quasi deuteron fission 
neutrons and concrete, the contribution of them to the total 
neutron dose is lower than 5 % outside the shielding wall 
for this machine. So we can restrict our consideration of 
neutrons to giant resonance neutrons with good accuracy. 

For calculation of the dose behind lateral shielding we 
used for the acceleration losses within the microtron the 
paper of Swanson [4]. For the electron - photon cascade of 
the accelerated electrons we used the paper of [6] for 90° 
([7] for 0°) observation angle because the authors investi- 
gated the behavior of an electron beam hitting a vacuum 
chamber which is the worst case in transversal direction. 
Other authors used so called optimal thick targets which 
used to be thick also in transversal direction which causes 
considerable self absorption. Because the lowest energy in 
[6] is 150 MeV we checked Ihie applicability of the given 
semi - empirical formulas by [6] at 100 MeV which are 
based on EGS4 calculations with FLUKA [8]. As energy 
cuts we used 500 keV for charged particles and 10 keV for 
photons. 

We investigated the source term F^ behind TSg/cm^ 
normal concrete in 1 m distance at the observating angle 
6 = 90°. As target we used an iron plate 2 mm thick, 
hitting angle <f> = 2°, with an effective thickness of 5.7 
cm. The radiation length is 1.7 cm, so the electron - photon 
cascade could develope. 

i/.=^...(|y (3) 

with HAI at 1 GeV, E in GeV, EQ = 1 GeV. 
From the fit we get HAI = 2.037 • IQ-^'^Sv/e- and a= 

0.924. At 100 MeV this is within a factor 1.3 of the extrap- 
olation of [6] but we get a stronger energy dependence. 

10 
Energy / GeV 

Figure 2: OO"! radiation, iron, (j> = 2°, d=2 mm, deff = 
5.7 cm, source term HA behind 75g/cm^ concrete, dose in Sv/ 
primary electron 

RESULTS 

The outer wall of the storage ring is dimensioned 1 m 
normal concrete and at the beamline angles and the forward 
direction at quadrants 1 und 4 with 1 m heavy concrete and 
a 10 cm lead stripe (beam height ± 20 cm). The outer wall 
of the microtron is dimensioned 1 m heavy concrete. The 
roofs of both storage ring and microtron are 1 m thick. The 
roofs are of heavy concrete. 

Table 4: Storage ring, point source transversal outside 

iriot 

9'o.ntn, 
giantn 

■«1 

giantfi — W, 

5.30e - 04 
2.14e - 05 
2.16e - 03 

9.74e - 05 

2.86e - 02 
l.lOe - 04 
l.ire - 01 

4.99e - 04 

Sv/h 
Sv/a 
Sv/h 

Sv/a 

Sv/h 
Sv/a 
Sv/h 

Sv/a 

7 - H|O* 
■Xo\ 7 H 
M 

giantn 
giantn - 
giantn ■ 
giantn - 

fjtOt 

2.14e - 06 SvA 
1.07e - 05 Sv/t 
8.74e - 06 Sv/h 

6.63e - 05 Sv/a 

l.lOe - 05 Sv/h 
5.51e - 05 Sv/s 
4.48e - 06 Sv/h 

3.40e - 04 Sv/a 

The complete calculated annual local dose is 1.20 mSv/a 
transversal behind normal concrete and 0.4 mSv/a in for- 
ward direction at the beamline angles behind heavy con- 
crete. 
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FURTHER EXPERIENCE WITH SLC PERMANENT MAGNETIC (PM) 
MULTIPOLES 

James Spencer, Stan Mao, SLAC MMG* and Cherrill Spencer, SLAC, Menlo Park, CA 94025, USA 

Abstract 

PM multipoles have been used in the SLAC damping 
rings (DR) and their injection and extraction lines since 
1985. Due to upgrades of the DR vacuum chambers for 
higher currents in 1993, there was an opportunity to check 
some of these magnets[l]. Nothing more was done until a 
program of real-time radiation measurements was begun in 
the electron ring to determine causes, levels and effects of 
integrated gamma and neutron doses on the strengths and 
harmonic contents for NLC purposes. We discuss results of 
the latest magnetic measurements, radiation measurement 
program, semiconductor dosimeters and a few unexpected 
but interesting conclusions. 

INTRODUCTION 

PM devices have many current and potential applications 
based on advantages in size, cost and simplicity e.g. they 
are self sustaining in the sense that they require no power, 
water cooling or control electronics for many applications. 
They do suffer from uncertainties related to environmental 
and damage effects. In the ^fLC, PM multipoles, solenoids, 
undulators and wigglers could have important uses if the 
limits of their stability to different kinds of high radiation 
environments could be established. We are revisiting this 
because future colliders imply beams with unprecedented 
energy densities, containment and damage problems. Fur- 
ther, the SLC DRs appear to be an ideal place to pursue 
such studies. As with most radiation measurements at such 
facilities, they are seldom real-time but only sweeps made 
after the beams go off for personnel entry and protection 
purposes. In contrast, we have been obtaining real-time 
measurements of the main radiation components around 
the ring i.e. the integrated dose of neutrons and gammas 
(n & 7). 

Background 

In 1985, it was difficult to justify using PM multipoles or 
any PM device in a storage ring. There were few radiation 
damage (RD) studies[2] and they weren't relevant. Fur- 
ther, there were few vendors and fewer reliable measure- 
ments of easy axis characteristics. However, because there 
was no alternative, 144 sextupoles were made and installed 
in the e* DRs for chromaticity correction as well as sev- 
eral quadrupoles for the injection and extraction lines[3]. 
In both cases, compactness was the essential ingredient. 
In 1993, 21 of the 144 sextupoles were replaced - mostly 
downstream of the injection kickers and in tiie electron ring 
either because their thermal stabilization temperatures of 

* SLAC's Magnetic Measurements Group is headed by Zachary Wolf. 

80° C had been exceeded or because they showed serious 
mechanical deformation or high radiation levels (in some 
cases >1 R/hr on contact). These magnets were studied in 
various ways[l] and then stored. Several have been used 
for other purposes but not one PM magnet has ever caused 
loss of the beams or had to be replaced. 

Current Situation 

In 2002, one of the original sextupoles that had been 
in the ring for 17 years was removed, remeasured and re- 
placed by one that had been stored in 1993 after it had also 
been remeasured. We then added two radiation detectors 
on the top and side of this magnet for remote monitoring. 
At the same time, we continued to monitor dose at other 
locations in the DR to understand the sources of damage. 
To our knowledge, no one has done real-time monitoring 
to ascertain the actual causes of beam loss and to correlate 
these with radiation damage to determine the actual or po- 
tential limits based on possible corrective measures. Like- 
wise, no one has attempted to monitor all sources of radia- 
tion damage simultaneously i.e. n and 7 in this case. Thus, 
the advantage of this work over others at this conference[4] 
is that it provides a more practical working test for NLC 
magnets in the SLC working environment so that it can be 
scaled to NLC and also provide guidance for the NLC de- 
sign. In this respect, it is different but complementary and 
is, we believe, necessary because it uses real PM magnets 
with their range of load lines in a mixed, broad band radi- 
ation field that is impossible to simulate without artificial 
assumptions that make calculations practicable. 

EXPECTED RADIATION DOSES 

In electron and positron accelerators, damage depends 
on the materials, the location and the beam energy. At 
< 10 MeV or so, the damage comes predominantly from 
ionization and atomic excitation regardless of whether the 
beams are leptons or hadrons[4]. This is true when lep- 
ton energies E'^< E^ - the critical energy for the mate- 
rial. In high energy lepton rings, radiative effects dominate. 
These come from synchrotron radiation, bremsstrahlung 
and bremsstrahlung produced photoneutrons via the (7,n) 
giant resonances that typically occur above Ery>\0 MeV 
for any element. Analogously, hadronic resonances occur 
for £^>200 MeV. The main questions, of course, are what 
are the most damaging sources, where do they come from 
and how to eliminate them. Ref. [4] reviews the situation 
and shows that dose measurements alone do not determine 
RD. The difficulties of measuring neutrons makes it easy to 
ignore this source even though orders of magnimde more 
damaging per gray than electrons or photons. 

0-7803-7738-9/03/$17.00 © 2003 IEEE 
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DOSIMETERS 
One needs only to look at a neutron damage vs neutron 

energy plot[5] to appreciate the difficulty of such measure- 
ments and why the convention of referencing damage to 
1 MeV equivalent energy has gained general acceptance. 
Nonetheless, the same inspection shows why it is highly 
desirable to obtain spectral data to determine the source 
and its correction. This is difficult and seldom done. Even 
in the case of PM studies, it is rarely done except in the 
form of a post-mortem activation analysis[l]. Similarly, 
thermal neutron studies have not been done even though 
B, Co, Nd and Sm have isotopes with large capture cross 
sections. Various techniques have been used - especially 
on the assumption that photons are the primary damage 
source. From this line of reasoning, one eliminates the 
need for neutron or electron beam loss measurements since 
the photons are "collimated" around the beam direction. 
Optical absorption dosimeters are then a common choice 
based on color changes that do not distinguish between 7s 
or neutrons. While these can cover ranges up to 30 kGy(Si), 
dieir neutron responses are typically 50 % of their photon 
response[6] so they are not interesting for our use. Semi- 
conductor devices are enjoying increased use since they 
are compact and easily read out and because there is a 
correlation between RD in semiconductor devices and the 
displacement damage in bulk silicon. Thus, devices such 
as bipolar transistors and PIN diodes whose operation de- 
pends on volume mechanisms can be expected to provide 
measures of neutron flux while ones such as MOSFETs that 
are governed by surface effects should be more sensitive to 
ionizing radiation e.g. gain degradation in either case: One 
expects the MOSFET to be the more sensitive[5] and less 
temperature dependent. 
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Figure 1: Some measurements of neutron dose in the SLC 
electron DR in terms of PIN voltage vs time in minutes. 

One of many PEST diode[7] data samples at locations 
around the ring is shown in Fig. 1. Concurrent data for 
7's was taken at these same locations with M0SFETs[7]. 
Fig. 2 shows the relative sensitivity of such detectors for the 
PuBe source of fast neutrons with J„/Zy> 4 located outside 
of the DR vault. Gaps in the data indicate beam turn-off or 
loss of readout hardware. 

RADIATION MEASUREMENTS 
The variations in Fig. 1 run from no observable damage 

at levels of 1 mGy up to saturation at ~4 kGy or 25 Volts. 
The origin shows the values before beam turn-on with all 
detectors at 2.25 ± 0.02 V. The sensor varying linearly is 
the PuBe source. Detector N#4 was on top of a 1-in beam 
pipe downstream of the first dipole B560 after the extrac- 
tion septum and in front of sextupole SF608. N#l was at 
the exit crotch of the septum and N#2 was > 2 m above 
this area. There is a small rise during turn-on and tune-up 
with the abrupt rise to saturation on N#4 over ~2 weeks 
indicating an average neutron dose rate of >10 Gy/hr. 
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Figure 2: Simultaneous PIN & MOSFET measurements 
corresponding to the PuBe source data shown in Fig. 1. 

High and low sensitivity 7 sensors allow measurements 
up to ~1 kGy and ~30 kGy in Fig. 2. All sensors are 
nonlinear. The Hi Gam sensor is somewhat sensitive to 
neutrons and needs correction for optimal accuracy while 
the PIN sensor is more temperature sensitive. Both types 
need to have additional temperature readouts or corrections 
made. N#4 saturated well before Lo-Gam#4 and after Hi- 
Gam#4 indicating the sextupoles see significant, relative 
fast neutron flux. 
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Figure 3: MOSFET data during the latest run cycle 

Beam turn-on after unscheduled shutdowns often show 
significandy higher dose/damage rates in contrast to those 
that are well done as shown by the flat lines in Fig's. 3-4 
where the first large gap defines the Christmas shutdown. 
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However, unscheduled outages that cause loss of beam and 
subsequent turn-on problems are not the worst cause of RD. 
From 1997-2001 there were 18 such failures per DR due to 
conventional magnet systems with a mean time to repair 
of ~14 hours. These are hardly visible. Of more interest, 
are the two regions with steep slopes that lasted for 2 and 
3 weeks. In the first, there were vacuum and septa prob- 
lems, thunder related power outages and a push to obtain 
luminosity. The second was due to a water leak with one 
DR quad spraying anodier. Because this did not turn beams 
off it took nearly 3 weeks to diagnose and caused far worse 
RD. The only sensor changes between Fig's. 1,2 and 3,4 
were #3 & #4 on the side and top of the newly replaced 
SD708. The Gam-Hi sensors at 5 cm and 2 m above the 
beam pipe track quite closely in Fig. 3. 

MAGNETIC MEASUREMENTS 

Following 2, 8[1] and 17 years of operation in the SLC 
DRs we have observed, witiiin ±0.25 %, a loss of sexmpole 
strength of 0,2.5 and 6.3 % respectively on single magnets 
selected at random. All harmonics through the first 16 were 
originally required to be < 1 % and typically < 0.5 %[3]. 
In those we remeasured, ignoring first order feeddown, we 
found no magnet with harmonics worse than ~1.7 %[1]. 
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Abstract 
In August 2002, a 10-T superconducting wiggler was 

installed in the 8-GeV electron storage ring at SPring-8. 
High-energy (~3MeV) and intense synchrotron radiation 
was produced from the wiggler, and scattered photons 
were generated by the interaction of synchrotron radiation 
with photon absorber materials. The intense radiation 
environment in the storage ring tunnel damages 
accelerator components, such as cable insulators and coils 
for electromagnets. To suppress such damage, it is 
necessary to understand the dose distribution and the 
spectrum of scattered photons near the wiggler. 

The dose distribution and the spectrum of scattered 
photons from the photon absorber was measured by 
thermoluminescent dosimeters (LiF TLD) with lead filters 
(0, 0.5, 1, 3, 6 mm in thickness). At the same time, 
alanine dosimeters and GafChromic film (made of 
polyethylene) were used to measure the dose of photons 
which exceeded the dynamic range of TLD dosimeters. 

The results of an experimental data analysis showed 
that, as expected, photons of energies of several hundred 
keV were scattered over a wide range. 

INTRODUCTION 
SPring-8 is a synchrotron light source composed of an 

8-GeV electron storage ring, a booster synchrotron, and a 
1-GeV injector linac. The storage ring has 44 normal 
Chasman-Green cells, each of which has a 6.5-m straight 
section for insertion devices. The main parameters of the 
storage ring are listed in Table 1. 

Table 1: Parameters of SPring-8 storage ring [1] 
Electron energy 
Beam current 
Circumference 
Number of cells 

SR from B-magnet 

Normal cell 
Straight cell 
Power density 
Critical energy 

8 (GeV) 
100 (mA) 
1436(m) 
44 
4 
1.5 (W/mrad/mA) 
30 (keV) 

We installed a 10-T superconducting wiggler (SCW) in 
one of the normal cells in August 2002. The main 
parameters of the SCW are described in Table 2. We 
tested its performance in September 2002[2]. A beam was 
successfully stored in the storage ring at SCW magnetic 
fields of up to 9.5 T. The stored current was limited to 

O.lmA to maintain radiation safety. The storage ring is 
always operated at a beam current of 100mA for beamline 
users. If we use the SCW on 100-mA operation, the 
radiation level in the storage ring tunnel increases by 
high-energy photons scattered at the photon absorber. To 
reduce radiation damage to the accelerator components, 
we need quantitative data on the scattered photons from 
the SCW and we have to shield them from the intense 
radiation environment, effectively. 

Table 2: Parameters of the SCW 
Construction 
Magnetic field 
SR Power density 

Total power 
Critical energy 
Radiation angle 

Three pole magnet 
9.5 (T) (Max. 10.3 (T)) 
22 (W/mrad/mA peak) 

1.0 (kW/lmA) 
400 (keV) 
25 (mrad) 

In this paper, we describe an investigation in dose 
distribution and the spectrum of high-energy scattered 
photons near the SCW. We then use the data to design the 
radiation shields for accelerator components. 

EXPERIMENTS 

Experimental setup 
Figure 1 shows a schematic layout of the experimental 

setup. The SCW was installed close to the center of the 
straight section. The vacuum chamber of the photon 
absorber was placed downstream of the SCW. As shown 
in Fig. 1, two lead blocks (100-mm wide, 50-mm deep, 
and 200-mm high) were attached on both sides of the 
chamber (only on the outside of the storage ring 
circumference). They shaded the accelerator components, 
such as the vacuum gauge head, etc. The photon absorber 
was made of copper, and had a rectangular aperture with 
52-mm horizontal and 32-mm vertical axes. SR with a 
larger angular spread than 10 mrad in the horizontal plane 
is influenced by the absorber walls. One TLD stand (2-m 
wide and 2.3-m high) was placed upstream of the 
absorber, at a distance of Im. Another TLD stand (2.5-m 
wide and 2.3-m high) was placed downstream of the 
absorber, without touching the vacuum pipe of the 
beamline. 
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Figure hSchematic layout of the experimental setup. 
TLD dosimeters were attached on the TLD stands. 

TLD dosimeters with lead filters were assembled on 
the holder made of paper. Eight TLD holders were 
attached on the upstream stand, and 7-holders were on the 
downstream stand. The arrangement of TLD holders on 
the upstream stand is shown in Fig. 2. The detection angle 
from the beam axis was from 45 to 50 degrees. 
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Figure 2: Arrangement of TLD holders. 

On the shielding-wall, 1.2-m above the floor (the same 
height as the median plane of the electron orbit), twenty 
alanine dosimeters were mounted at intervals of Im from 
just besides the sew. 

Measurements 

We prepared two sets of TLD dosimeter assembUes. 
First, one set was mounted on the TLD-stands. Before 
dose measurement, we operated the storage ring at a very 
small current (O.lmA.lOmin) and fixed the electron orbit 
to hit the SR at the same place of the photon absorber. 
Dose measurement was carried out for one hour with the 
storage ring operated at a beam current of 1mA. The dose 
measured during the small current operation was about 2 
percent of the dose measured at a 1-mA operation. Next, 
we dumped the stored beam, and changed the TLD 
assembhes for the other set. We then mounted twenty 
alanine dosimeters near the SCW to measure a dose that 
exceeds the dynamic range of a TLD dosimeter (more 
than 2 Gy). At the same time, we fitted a GafChromic 

fihn around the vacuum chamber of the photon absorber 
to measure the dose distribution of the surface of the 
absorber. 

All the dosimeters were hradiated for one hour at a 
beam current of 0.1mA. After irradiation, we analyzed 
them and got information on the dose of the scattered 
photons. 

RESULT AND DISCUSSION 
We found that the dose measured at the upper part of 

the median plane of the electron orbit is larger than the 
dose measured at the lower part. This result may be 
explained by the TLD assembUes being shaded with the 
accelerator components (such as Pb blocks, vacuum 
pumps, and girders of the vacuum chambers), which were 
installed near the photon absorber. We shall confine 
ourselves to analyzing the data which was obtained at the 
upper part of the median plane. 
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Figure 3: Dose measured and calculated on vertical plane 
of electron orbit, (a) is dose at upstream of the absorber, 
and (b) is at downstream. Dose is plotted as function of 

lead filter thickness. 

Figure 3 shows a typical result of dose that was 
measured at the place pointed with 1 in Fig.2, and the 
result of dose calculation using ST ACS code. Data over 5 
Gy was excluded because the TLD lost linearity with the 
dose sensitivity. The dose is in proportion to the stored 
beam current of the storage ring and the dose of the 
downstream is over an order of magnimde larger than the 
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dose of the upstream. They may be attributed to the 
angular dependence on the cross section of Compton 
scattering. 

Scattered photon spectrum on the surface of the TLD 
was calculated by assuming the geometrical arrangement 
of the photon absorber and the TLD. From the calculation, 
we found that photons of energies mainly from 100 to 300 
keV will be observed upstream the absorber and 100 to 
1000 keV will be observed downstream. Using the spectra, 
we estimated the dose on the TLD. The calculated dose 
was drawn in Fig.3. The calculated dose agrees with the 
measured values except for a few points measured 
upstream using the thick filters. This discrepancy may be 
interpreted on the assumption that the TLD dosimeters 
placed upstream of the absorber were influenced by high- 
energy-photons such as secondary-scattered-photons from 
the sew chamber. In order to support this explanation, it 
is necessary to calculate the dose taking account of the 
effect of secondary-scattered-photons. 

5 10' 
o 

10^ 

10-' 

•  Dose(SCW) 
"  Dose (Bending-Magnet) 

0 .1       2       3       4      5 

Pb filter thickness (mm) 

Figure 4:Comparison with dose from SCW and bending 
magnet. 

We compared the dose of scattered photon from SCW 
with the dose from the bending magnet of the storage ring 
[3]. The result is shown in Fig. 4. Data was normalized by 
the stored current and the distance from the absorber. The 
difference between two slopes of the plots may be 
attributed to a difference in the critical energy of the 
incident photons. The total power of SR from SCW, that 
was absorbed by the photon absorber, is two orders of 
magnitude larger than die total power from the bending 
magnet at die same current operation. The order of 
magnitude between die dose from SCW and die dose 
from bending magnet cannot be interpreted from the 
difference in total power. The dose difference may be 
explained by the assumption that high-energy-scattered- 
photons from SCW escaped from the absorber chamber 
and increase die radiation level at the TLD dosimeters. To 
prove tills assumption, it is necessary to carry out a 
detailed stody on the energy of scattered photons from die 
bending magnet. 

The measured values of alanine dosimeters were less 
dian die search limit (less dian 2 Gy). The reason for this 

result is tiiat all dosimeters were placed more tiian 3m 
from the photon absorber. 
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Figure 5:Dose distribution measured using GafChromic 
film on the ptoton ebs3±iei:. 

Figure 5 shows tiie dose distribution on the photon 
absorber. Maximum value of the dose is 1500 Gy. As 
shown in Fig. 5, GafChromic film fliat was put on die 
upper wall, was much exposed dian die film put on die 
side wall. This fact is supported by several ways: 

1. Thickness of die upper wall is a one-third of die side 
wall, 

2. Dose distribution is influenced by die angular 
dependence on die cross section of Compton scattering, 

3. SR from SCW is linearly polarized in a median 
plane of die electi-on orbit, and scattered photons have a 
maximum strengdi in a vertical direction of polarization. 
Further analysis is necessary. 

CONCLUSION 
The dose distribution and the energy spectrum of 

scattered photons from die photon absorber were 
measured near die SCW. The dose from die SCW is diree 
orders of magnittide larger tiian die dose from die bending 
magnet. The dose distribution is predicted from the 
principle of Compton Scattering. 

If we design the radiation shields for accelerator 
components it is necessary to investigate dose distribution 
and the energy spectrum of penetrated photons in fiiture. 
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INTENSITY OPERATION* 
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Abstract 
With increasing ion beam intensity during recent RHIC 

operations, pressure rises of several decades were 
observed at a few warm vacuiun sections. Improvement of 
the warm sections has been carried out in last year's 
shutdown. Extensive in-situ bakes, additional UHV 
pumping, electron detectors and beam tube solenoids have 
been implemented. Vacuum monitoring and interlock 
were enhanced to reduce premature beam aborts. The 
effectiveness of these measures in reducing the beam 
induced pressure bumps and in increasing the vacuum 
system reliability are discussed and summarized. 

INTRODUCTION 
RHIC has a circumference of 3.8 km and comprises two 

interweaving rings (named yellow ring and blue ring) that 
intersect with each other at six locations. The total length 
of warm sections is -1.4 km, consisting of 24 insertion 
regions (single beam) at the ends of the long arcs, 12 final 
focusing regions between DO and DX and six interaction 
regions (IP), as shovra schematically in Fig. 1. The design 
vacuum of the warm sections is <5xlO''° Torr. The beam- 
gas lifetime, dominated by nuclear scattering with cross 
sections of-lO"^"* cm^ for Au, is several hundred hours at 
the design vacuum level, much longer than the ten-hour 
intra-beam scattering lifetime [1]. Background noise to 
the detectors, due to beam-gas events in warm sections 
bracketing the experimental detectors establishes the 
requirements of RHIC beam vacuiun systems [2]. 

4.5K 

Fig. 1 RHIC warm sections bracketing the interaction points 
showing the incoming and outgoing single beam lines and the 
common lines at IP and DX-DO. 

The warm sections are pumped by ion pumps (IP) and 
titanium sublimation pumps (TSP), and monitored with 
cold cathode gauges (CCG) at intervals averaging 14m. 
The pumping speed at the neck of the pumps is -500 1/s 
for active gases such as CO and H2. Due to the small 
linear conductance of the beam tubes, the effective 
pumping speeds are in the order of tens 1/s.m for H2 and a 
few 1/s.m for CO. Most of the warm sections are in-situ 
bakeable up to 250°C. The average pressures of the warm 
sections without beam have reached below the design 

vacuum level, owing to the gradual bakeout of these 
sections over the last three years. 

No notable changes in pressure were observed during 
the 2000 beam commissioning run. However, pressure 
spikes of several decades occurred during the high- 
intensity Au X Au, p X p and Au x d runs in the past three 
years. These rapid increases in pressure caused high 
detector background, sometimes exceeded the CCG set 
pomts for valve interlocks, and aborted the beams. The 
pressure rise was especially prominent during 110-bunch 
injection and became one of the major intensity-limiting 
factors for RHIC. Extensive bakeout of the warm sections 
and other improvement were carried out during 2002 
siunmer shutdown to increase the intensity thresholds and 
to reduce the pressure rise. The effectiveness of these 
measures is summarized by comparing the beam and 
vacuum performance of 2003 Au x d and p x p runs with 
those of 2002 p x p and 2001 Au x Au runs. Further 
improvement of the vacuum systems planned for the 2003 
shut down is also described. 

VACUUM IMPROVEMENT 

Pressure Rise vs In-Situ Bake 
To reduce detector background, the common beam 

regions bracketing the four major experiments were in- 
situ baked before the 2001-2002 runs, and pressure of low 
10'"* Torr and 10"" Torr were achieved. Two types of 
pressure rise were observed [3, 4] during the 2001-2002 
runs. The first type was the pressure rise at the beam 
injection, initially observed at intensity above a certain 
intensity threshold (I^), which was very sensitive to 
bunch intensity and spacing, and tended to approach 
saturation at constant intensity. It seems that the electron 
cloud is responsible for this type of pressure rise [5]. It 
has limited the Au intensity for 55-bunch injection, and 
prevented the 110-bunch operation. The second type of 
pressure rise occxirred at the transition, somewhat 
proportional to the total beam intensity, and not sensitive 
to the bunch intensity and spacing. This type of pressure 
rise has not limited the beam intensity. However, it has 
caused high detector background and hampers further 
luminosity improvement. 
More warm sections were in-situ baked during the 2002 
shutdown with the goal to reduce secondary electron yield 
(SEY) and molecular desorption yield, and the resulting 
pressure rise, and to increase Ith. The loosely bound 
surface contaminants have a much higher SEY and can be 
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removed through in-situ bake. The intensity thresholds of 
the 1" type of pressure rise can be obtained by analyzing 
the pressure rise patterns under various running conditions 
[3]. The effectiveness of the bakeout for increasing 1,^ is 
illustrated in Fig. 2 where the pressure rise at IP 12 is 
compared with proton beam intensity before (2001-2002) 
and after (2003) bake. For the same increase in pressure, 
the intensity thresholds were about a factor of two higher 
after bake. The average I,,, values for warm sections at 
IP 12 for various running modes are summarized in Table 
1. I,h for p and d are much higher than Au, even after 
factoring in the total charges. U increased by 50% or 
more after in-situ bake. 

(which have peak SEY values) in spiral orbits of <lcm in 
radius. The solenoids have been energized during the 
machine studies in 2003. Significant reduction in both the 
electron signal and the pressure rise has been observed [5 
7]. 

12cm Tee for ED 

^MJ 

/^' 
IRI2 

B.,M   -.     /-     'W**^'^ 

V«l! 

Fig. 2 Comparison of pressure rise with intensity at IP 12 with 
55- (2002, before bake, in lO' unit) and 110-bunch (2003, after 
bake, in lO" unit) protons. The pressure rise is smaller while the 
intensity is -50% higher after bake. 

Table 1. I,h for different species and running modes at IP12 

P-S5 
p-110 
Au"^-55 
Au'^^-llO 

+75- Au •55 
110 

d-55 
d-UO 
p410 

IP 
7x10'- 
6x10'- 
7x10" 
-6x10 w 
>12xl0" 

>12xl0 TTT 

9x10' 

Single 
4x10' 
2x10'^ 
2^dF" 
IxlO w 

4.5x10 w 

3.5x10'" 
>7xl0'^ 
7x10'- 
3.5x10 TT 

comment 
2002 - not baked 
2002-not baked 
2001- not baked 
2001-not baked 
2003 - baked 
2003 - baked 
2003 - baked 
2003 - baked 
2003 - baked 

Electron Detectors and Solenoids 
Eleven custom electron detectors (ED) as shown in Fig. 

3, were designed, fabricated and installed during the 2002 
shut down. They were modeled after ED used at Argonne 
and CERN, but include an additional shield to reduce rf 
noise from the beam image current. The bias voltage of 
the grids can be varied to measure the energy spectrum of 
the electrons or ions. The transmission efficiency of the 
ED has been calibrated up to 1500 eV using an electron 
gun, and found to be around 10% [6]. 

Beam pipe solenoids were also installed on the 12cm 
beam pipes bracketing EDs, using 10 gage wire and 
alternating the winding direction every meter. The 
solenoid and the DC power supply provide up to 6000 
Ampere turn per meter, equivalent to a 75 gauss axial 
field, which is sufficient to confine electrons of 300 eV 

OF rfwid (2«X) 

grid t (-7V) 

»rid 2 ( -9 V) 

collector plate (MSV) 

RHIC ED       *^°" ^^ P<*^ 
Fig. 3 RHIC electron detectors (ED) consist of an RF shield, 

two grids and a collector, and have an effective area of over 
lOOcml 

Vacuum Monitoring and Interlock 
During the 2001-2002 physics runs, the beam was 

' aborted by the vacuum beam permit in a dozen cases. 
Among them, a few were caused by electrical noise that 
induced spikes in the vacuum gauge readings used for 

_ valve interlock through programmable logic controllers 
(PLC). These spikes would last a few seconds at most. 
Prior to the 2003 run, the PLC ladder logic software was 
modified to include a time delay for triggering the valve 
closures and beam aborts. No premature triggering has 
been recorded since. The time delay has also helped 
preserve beam stores during injection and transition, when 
pressure would rapidly rise and fall. 

The monitoring and control of RHIC vacuum devices 
is through the use of RS485 serial communication. Up to 
32 like devices are connected to a common PLC co- 
processor port. Due to the integral processing time of the 
co-processors, the vacuum readings are updated every 8 
seconds for vacuum gauges, and about 30 seconds for 
devices like partial pressure analyzers and turbopump 
stations. To monitor and correlate the pressure rise with 
the beam intensity and other machine parameters, faster 
data logging was implemented during 2002 shutdown. 
The analog output signals from selected CCGs around the 
ring were fed into MADC modules, digitized and logged 
at a typical rate of 1 Hz. The enhanced data logging 
capability allows accurate comparison and correlation of 
the pressure rise with the signals from beam current 
monitors, ED and beam loss monitors. 

FUTURE IMPROVEMENT 
To meet the physics goals in RHIC for year 2004 and 

beyond, the total beam intensity has to be increased by a 
factor of two or more, either through increase in bunch 
intensity, number of bunches or both. The expected 
pressure rise during injection and transition will be 
excessive based on observation from the past years. The 
following remedies are being evaluated and/or 
implemented to reduce the pressure rise. 
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Bakeout of Outgoing Beam Lines 
The major goal in the last few years was to lower the 

pressure at the incommg insertion beam lines and at the 
common beam lines around the detectors, thus reduce the 
detector background to the major experiments. However, 
during a few high intensity stores, excessive pressure rise 
was observed at the outgoing lines where most diagnostic 
equipments with high outgassing components were 
located. This high pressure has caused large amount of 
beam scattering and beam loss in the long arcs, which 
might have induced magnet quenches in the arcs. 
Therefore these outgoing sections will be in-situ baked to 
the maximum allowable temperature to reduce the static 
and dynamic pressure. Non-conventional bakeout 
methods will be developed for some of these sections. 

Beam Tube Solenoids 
Approximately 60m of beam tube solenoids were 

installed and operational for the 2003 run. Significant 
reduction in ED signals and pressure was observed when 
solenoids bracketing the ED were energized during 
machine studies. The present solenoid cables have PVC 
jackets and have to be removed prior to in-situ bakeout. 
Kapton insulated wire will be installed for additional 
solenoids for its radiation and temperature properties. 

Collimators 
The existing collimators, one in each ring, are not 

effective in removing the beam halos and had at times 
increased backgrounds to the detectors of nearby 
experiment. These two collimators will be relocated to 
IR12 region where no major experiment exists. Additional 
secondary collimators and second-secondary collimators 
will be installed dovrastream of the relocated primary 
collimators to stop secondary particles. By intercepting 
the beam halos and secondary particles at normal 
incidence, the molecular desorption rate is expected to be 
a few decades less than the estimate lO' desorbed 
molecules per ion at grazing angle [3]. The collimators 
will also be in-situ baked to reduce the magnitude of 
pressure rise during their operation. 

NEG Coating and Lumped Pumps 
Due to large pump spacing and the small linear 

conductance of the RHIC beam tubes, the effective 
pumping speed is in tens 1/s.m range for H2 and a few 
1/s.m for CO. To increase the effective pumping speed, 
additional lumped pumps or linearly distributed pumps 
are needed in the warm sections. Lumped pumps in the 
form of TSP will be effective in the insertion regions, 
perhaps midway between the existing IP and TSP. It will 
increase the effective pumping speed by a factor three or 
more. Linearly distributed pumps in the form of non- 
evaporable getter (NEG) coating [8] \n\\ be more 
effective in the interaction regions where little transverse 
space is available for lumped pumps and the linear 
conductance is smaller than Ihat of insertion regions. The 
NEG coating will provide effective pumping speed of lO' 

1/s.m and will also reduce the SEY, and the electron and 
ion desorption rates. The coating of the existing 7cm <b 
beryllium beam tubes is certainly challenging if not 
impossible. The addition of high Z material on the 
detector "beam tubes has to be evaluated by the 
experimenters for its reduced transparency to the 
energetic particles. The periodic activation requirement of 
NEG coating has to be incorporated into vacuum system 
operation. A few NEG coated beam tubes will be installed 
at one warm section and evaluated during the upcoming 
run. 

SUMMARY 
Improvement of the RHIC vacuum system before 2003 

physics runs has produced some positive effect on the 
beam intensity thresholds for the pressure rise as 
compared with those of the 2001 and 2002 runs. The 
magnitude of the pressure rise is also lower than that of 
the previous years. Solid evidence of electron cloud from 
the newly-installed electron detectors was seen during 
high intensity runs. The effect of the solenoids to suppress 
the electron activities has been observed. Fimher 
improvement is needed to allow increase in intensity. To 
that end, more warm sections will be in-situ baked and 
additional coUimators will be installed to intercept the 
beam halo at normal incidence. Additional lumped pumps 
and NEG coating will also increase the effective pumping 
speed several-fold. 
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Abstract 
The stainless steel vacuum chambers of the 248m 

Spallation Neutron Source (SNS) accumulator ring are 
being coated with ~ 100 nm of titanium nitride (TiN) to 
reduce the secondary electron yield (SEY). The coating is 
produced by DC magnetron sputtering using a long 
cathode imbedded with permanent magnets. The 
outgassing rates of several SNS half-cell chambers, with 
and without TiN coating, and before and after in-situ 
bake, were measured. The SEY of the coated chamber 
coupons were also measured with primary electron energy 
of 50-3000 eV. By varying the coating parameters, films 
of different surface roughness were produced and 
analyzed by scanning electron microscopy. It was found 
that the outgassing rate varies as a function of surface 
roughness of the TiN layer, and chambers with a rougher 
surface have a lower SEY. 

INTRODUCTION 
The SNS ring, with a circumference of 248m, consists 

of 4 arc sections of 34m each and 4 straight sections of 
28m each [1]. There are 32 half cell chambers in the arc 
sections. Each chamber, constructed of 316L stainless 
steel, is approximately 4m long and over 20cm in 
diameter. Prior to TiN coating, the chambers are degassed 
in a vacuum furnace at 450C for 48 hours. A coating of 
-200 nm is subsequently laid down by DC magnetron 
sputtering using a long titanium cathode containing 
perinanent magnets [2]. 

The operating pressure for the SNS storage ring is 
<lxl0" Torr. The outgassing rate of stainless steel is well 
understood and confident estimates can be made for a 
wide variety of conditions. However, because of the 
required TiN coating to reduce the SEY, outgassing data 
for coated chambers is needed for vacuum simulations 
arid to meet design requirements. The ring vacuum system 
will not be baked, so of particular interest is the 
outgassing data without in-situ bake. 

OUTGASSING MEASUREMENTS 
The outgassing rate of several SNS chambers was 
measured by means of the orifice method. The total 
surface area of each chamber is approximately 29,000 
cm . A schematic of the outgassing test setup is shown in 
Figure 1. The orifice size was 3.2 mm in diameter and 
2mm long. Outgassing measurements with in-situ bake 
were  made  with  a 270  1/s  sputter-ion  pump  (SIP) 

supplemented with a titanium sublimation pump (TSP) 
with a speed of 1000 1/s for H2 and base pressure of <10"" 
Torr. Inverted magnetron gauges, with a gauge correction 
factor of 2.4 for hydrogen [3] were placed on each side of 
the orifice, while a residual gas analyzer was placed on 
the pump side of the orifice to measure the gas 
composition. The entire system was baked at 250C for 48 
hours. To measure the outgassing rate without an in-situ 
bake, a 1501/s turbo-molecular pump with a base pressure 
of 10"' Tort was employed in place of the SIP/TSP. 

Figure 1. Schematic of outgassing measurement setup using 
orifice method. 

A summary of the outgassing measurements is given m 
Table I. Outgassing rates for chambers without in-situ 
bake are given in Nj equivalent. Log-log plots of the 
outgassing rates for the chambers are given in Fig. 2. 

Table I. Outgassing data of chambers under a variety of 
conditions. 
Cham QCN2 equiv.) Q(H2) Hours under ===== 

# (Torr-l/s cm^) (Torr-l/s cm^) 
in-situ bake 

vacuum 
or post bake 

120 

Comments 

2A 8.5E-12 2.5E-13 ~VD,noTiN 
9A 3.7E-11 3.0E-12 120 no VD, no TiN 
2A 1.2E-10 120 VD.HP 
3A 2.1E-13 96 VD,HP 
IC 7.1E-11 408 VD, HP, GDT 
7A 2.5E-11 144 VD,LP 
SB 9.6E-12 120 VD, LP, GDT 
5B 2.4E-12 192 
5B 1.9E-13 72 
5B   1.6E-I3 192 

 —"     '      ■ ^"""^^ »' ^ iiiiuii, L^r. toaicu ai ji.D miorr, 
GDT:post glow discharge treatment) 

H2 Outgassing after 250C In-situ Bake 
To determine the hydrogen outgassing rate, chambers 

were subjected to a 48 hour 250C bake to remove water 
vapor Md other adsorbed gases. An outgassing rate of 
3x10' Torr-1 s"'cm"^ was measured for chamber 9A, 
which was uncoated and not subjected to vacuum 
degassing. This outgassing rate compares favorably with 

rtodd@bnl.gov 
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some previous reports of 5x10'" Torr-1 s''cm"^ for not- 
vacuum degassed pipes after a 300C bake [4,5]. 

l.E-07 f 

i       l.E-08 

"s 
t       l.E-09 

fc 
o       l.E-10 

X 

X 

• tfs ■ 

%      • 

\ 

l.E-Ol l.E+00 l.E+01 l.E+02 1.E+03 

Pump Down Time (hr) 

♦2A uncoated, degass 89 uncoated, no degass 

3A, degass, HP coated 5B, degass, LP coating, GDT 

3K7A, degass, LP coating • IC, degass, HP coating, GDT 

Figure 2. Outgassing rates for TiN coated and uncoated 
chambers without in-situ bake for a variety of coating conditions 
HP: ~4 mTorr, LP:~1.5 mTorr, GDT: glow discharge treatment. 

Subsequent to a 450C vacuum degass, an outgassing 
rate of 2.5x10'" Torr-1 s"'cm"^ was measured 120 hours 
after bake for un-coated chamber 2A, an improvement of 
~10x over chamber 9A. While diffusion theory would 
suggest a value as low as 4x10'^^ Torr-1 s"^ cm"^ for our 
conditions [6], our measurements compare favorably with 
earlier measurements [4] of a lower limit of 1x10"'^ Torr-1 
s''cm"^ for 316LN tubes after 950C vacuum^re followed 
by a 300C in-situ bake. Deviation fi-om the theoretical 
values shows possible evidence of "recombination limit 
outgassing" explained by Moore [6]. 

H2 Outgassing with TiN Coating 
Recent research by Saito [7] shows that TiN coating on 

stainless steel may act as a hydrogen permeation barrier 
and can reduce the hydrogen permeation rate by as much 
as lOOx. The outgassing rates for chambers 3A and 5B 
coated at high and low pressure, respectively, were 
compared to that of the uncoated chamber 2A. Using 
linear interpolation, chamber 5B, coated at low pressure, 
attained an outgassing rate of 2x10"'^ Torr-l.s"'cm"^ 120 
hours after bake, for a reduction of-30% and equilibrated 
at a value of 1.6x10'" Torr-l.s"'cm'l Chamber 3A showed 
an improvement of-15%, but less than that of 5B, likely 
attributed to the reduced density of the TiN film. 

These results may be evidence of a permeation barrier, 
but not the compelling evidence we were looking for. 
Implicit in Saito's findings were a minimum thickness of 
lM.ni, as well stoichiometric films with few defects. 
Saito's substrates were electrolytically polished 304L 
stainless steel whereas the SNS chambers typically have a 
2b matt finish, at best, and a TiN nominal thickness of 
200nm. Any one of these variables can impact the results 
of measurements. The 30%> reduction in outgassing on 

chamber 5B is similar to the reported value of 50% 
reduction by Raiteri and Calcatelli [8] on smaller samples. 

Outgassing without In-situ Bake 
It is evident that even without an in situ bake, there is 

considerable improvement in the outgassing rate of the 
uncoated chamber subjected to a 450C vacuum degass 
(2A over that of 9A). TiN coatings sputtered at a pressure 
of 4 mTorr revealed a higher than expected outgassing 
rate (3A). At this pressure, with a mean free path of -1 
cm, the sputtered Ti was arriving at the chamber wall at a 
lower rate, and with less energy which produced a film 
with lower density and increased porosity. It was 
suspected that the fihn was very hydroscopic and RGA 
data showed that this gas load was almost entirely water 
vapor. The fihns produced at this pressure, were brown in 
color and less gold than what is typically associated with 
TiN. A correlation between the surface roughness of TiN 
films and color has been reported by Nah et-al [9]. They 
have determined that the more brownish TiN films are a 
resuh of increased grain size and reduced grain density. 

The sputtering pressure was subsequently reduced to a 
level of-1.5 mTorr, while still producing stable, uniform 
plasma. The resultant coating (7A) was more gold in color 
and found to have more acceptable outgassing rate which 
is a factor of-8x lower at 100 hours tiian tiiat of the high 
pressure coating (3A), but still - 4x higher than that of tiie 
imcoated chamber (2A). To improve the outgassing rate 
fiirther, the surface was subjected to a glow discharge 
to-eatinent (GDT) before and after TiN coating. The 
chamber wall was bombarded wifli argon ions for 5 
minutes for an accumulated dose of lO" ions/cm^. 

Sample 5A Sample 8A 

Fig. 3. SEM (top) and AES (bottom) images of TiN coated 
surface at high pressure (5A), low pressure (8A) and low 
pressure with GDT (5B). 

Chamber 5B was subjected to GDT and found to have 
an improved outgassing rate over 7A by ~5x. More 
importantly, the outgassing rate is similar to that of an 
uncoated chamber (2A), indicating that the quantity of 
water adsorbed on the TiN surface is comparable to that 
of uncoated stainless steel. Evidence of this can also be 
seen in the SEM images of the coatings (Figure 3). 
Sample 5A (firom a chamber with identical parameters to 
3A), exhibits deep voids when compared to 8A (sample 
fi-om a chamber with identical parameters to 7A), while 
sample 5B shows further smoothing and densification. 
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SEY MEASUREMENTS 
SEY measurements were made on samples coated 

under a variety of conditions. All measurements were 
made as received to determine the initial SEY of the 
materials. Research by others have shown that significant 
reduction in SEY is accomplished by in-situ bakeout and 
ion or electron scrubbing. CERN has made extensive 
measurements on surfaces treated to an air bake, sputter 
cleaning, and oxidation treatments, and found them to be 
effective in lowering SEY [10]. Kirby et al has also 
shown that TiN has a significantly lower SEY over that of 
stainless steel (SS) after sputter cleaning [11]. 

A summary of the SEY results is given in Table II. 
Films produced with straight DC sputtering showed 
mixed SEY results and will not be discussed further. All 
production chambers are coated using MDC and most 
SEY measurements were made on coupons using this 
process. A summary of the SEY data is shown in Table II. 

Table II. SEY data for coated and uncoated chamber coupons. 
Sample SEY Coating 

# Max. Parameter Coating Parameters Legend 
SS 2.37 2b finish LP-1.5mTorr 

SSP 2.49 P HP- 5 mTorr 
3-Oct 2.25 DC/HP GDT- Glow Discharge treatment 
3-Jul 2 DC/HP DC- Diode DC sputtering 
19/1 1.89 MDC/HP MDC- Magnetron DC sputtering 
20/5 1.99 MDC/HP P- Polished substrate 
5A 1.66 MDC/HP 
2A 2.03 MDC/HP 
IC 2.4 MDC/HP/GDT 
8A 2.37 MDC/LP 

4B 2.8 MDC/LP/GDT 
5B 2.55 MDC/LP/GDT 

The effect of surface roughness on SEY has been 
reported [12] and demonstrated recently on copper by 
Baglin, et-al [13]. To measure the effect of substrate 
roughness, the SEY of both TiN coated and uncoated 
stainless steel (SS) coupons were measured. One coupon 
was polished, while the other retained its 2b finish. As 
expected, the polished coupons showed a slightly higher 
SEY in both cases. 

If the substrate roughness had a bearing on the SEY, 
then the deposited film's roughness will have a 
corresponding effect. It was found that the film with the 
lowest SEY was generated at a high pressure with no post 
GDT, while the highest SEY was on a film produced at 
low pressure with GDT. Unfortunately the films produced 
at high pressure without GDT exhibited the highest 
outgassing rate. In hopes of reducmg the outgassing rate, 
while retaining the lower SEY, a film was produced at 
high pressure with GDT. Much to our chagrin, this film 
exhibited a high SEY of 2.4 and high outgassing. 

In the as received state, the SEY of films generated at 
HP without GDT were, on average, lower than both 
uncoated SS and LP coated films with or without GDT. 
Furthermore, TiN films produced at LP with or without 
GDT showed no significant reduction in SEY over 
uncoated SS. This lack of SEY reduction in the as 

received state of TiN and SS, has also been observed by 
Baglin et al [U]. It is our conclusion that the surface 
roughness of our TiN films is the driving force in 
reducing the as received SEY, while the addition of in- 
situ methods such as bakeout, to remove water vapor and 
surface gases, as well as sputter cleaning, are required to 
lower the achievable SEY. Measurements with in-situ 
bakeout and/or sputter cleaning are still required to 
determine our films lowest SEY. 

SUMMARY 
The uncoated SNS chambers exhibit lower than 

expected outgassing rates. The benefits of a moderate 
vacuum degass at 450C are evident. The SNS chambers 
coated with TiN at low pressure with glow discharge 
treatment have an outgassing performance comparable to 
uncoated chambers. There is strong evidence that TiN 
fihns produced at high pressure, regardless of glow 
discharge treatment, result in high water adsorption into 
the porous film and cause unwanted outgassing 
characteristics. There is some indication that the TiN film 
may act as a permeation barrier to hydrogen diffiising 
from the bulk, but more conclusive evidence is required. 
Finally, the surface roughness of the deposited film(s) 
may have bearing on the SEY of the fihn. 
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PRESSURE DISTRIBUTION SIMULATION FOR SNS RING VACUUM 
SYSTEMS* 

P. He^, H.C. Hseuh and R. Todd 
Collider-Accelerator Department, BNL, Upton, NY 11973, USA 

Abstract 
Brookhaven is responsible for the design and 

construction of the US Spallation Neutron Source (SNS) 
accumulator ring and beam transport lines. Ultrahigh 
vacuum of a few nano-Torr is required for the 
accumulator ring to minimize the residual gas ionization. 
To size the pumps and to optimize the pump locations, the 
pressure distribution in the vacuum systems has to be 
calculated based on chamber conductance, the static and 
dynamic outgassing of the chamber walls and the beam 
components. A computer program, based on finite 
differential approximation, was used to model the 
pressure in the accumulator ring, using the measured 
outgassing rates of chambers with and without TiN 
coating. The simulation results indicate that the designed 
vacuum will be achieved after prolonged pumping due to 
the high outgassing associated with the low secondary 
electron yield coatings. 

INTRODUCTION 
The SNS accumulation ring, with a circumference 

of 248m, consists of 4 arc sections of 34m each and 4 
straight sections of 28m each for injection, collimators, 
extraction and RF & diagnostics [1]. The vacuum systems 
are conveniently divided into eight vacuum sectors 
isolatable with all-metal electro-pneimiatic gate valves 
located at the interface of the arc sections and the straight 
sections. The ring schematic layout is shown in Fig.l and 
a list of ring vacuum components and their parameters are 
given in Table 1. 

mo\-able   fixed 
scnper     collinutors 

Table 1. Accumulator Ring Vacuum System Parameters 

.C-f/ 

injection septum.^. 

&bunps 

^ ^-^ extraction kickers 

extraction septum 

Figure 1. Schematic layout of the SNS accumulator ring. 
The four straight sections are designed for beam injection, 
collimation, extraction, and RF systems, respectively. 

DescriDtion #Unit Leneth 
Design Vacuum Level < 1x10-* Ton- 
Arc Half Cell Chamber 32 4m 
Arc Quarter Cell Chamber 4 2m 
Straight Region Doublet Chamber 8 >3m 
Straight Region Special Chambers 16 0.5-4 m 
Sputter Ion Pumps, 300 1/s 50 

Only UHV compatible metals and ceramics will be 
used in the construction of the ring vacuimi system for 
their.vacuum properties and radiation resistance. No 
organic materials are allowed. To minimize the RF 
impedance, the chambers will have tapered transitions 
wherever significant changes in cross sections occur. All 
the pump ports will be shielded with RF screens (thin 
mesh), which has little effect on the available pimiping 
speed. Conflat type flanges and seals, for their cost and 
reliability, will be used to join the arc chambers. Quick- 
disconnect chain clamps, flanges and metal seals will be 
used at the straight sections where the expected beam loss 
will be higher, therefore minimizing the personnel 
radiation exposure during vacuum maintenance and 
repair. To reduce the secondary electron yield (SEY), the 
inner walls of the ring chambers are being coated with 
~1 GOnm titanium nitride (TiN). 

Vacuum is obtained using lumped pumps (i.e. pumps 
appending the beam line at periodic intervals), thereby 
simpUfying the mechanical design and improving 
serviceability (i.e. ALARA considerations). Often, 
vacuum systems of this design require special attention in 
determining the relationship of pump speed and spacing 
to avoid a condition of conductance limitation or 
urmecessary cost. An analysis of periodically pumped, 
longitudinal vacuum systems can be carried out using 
rudimentary vacuum formulas, assuming imiform 
outgassing, conductance and pump spacing, which can 
yield acceptable results for predicting general 
performance for many applications. One such analysis is 
given by Welch [2]. With the advent of vacuum 
simulation code, factors such as non-imiform outgassing, 
unequal pump spacing, and varying conductance, as is the 
case within regions of the SNS accumulator ring, can be 
more easily accommodated. The software used is a 
program called VACCALC, which solve the differential 
equations for the pressure piecewise [3]. This software 

* SNS is managed by UT-Batelle, LLC, under contract DE-AC05-00OR22725 for the U.S. Department of Energy. SNS is a partnership of six 
national laboratories: Argonne, Brookhaven, Jefferson, Lawrence Berkeley, Los Alamos, and Oak Ridge. 
'Email: phe@bnl.gov 
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was used to estimate the pressure profile in the upgraded 
HERA interaction regions [4], 

PRESSURE DISTRIBUTION 
COMPUTATION 

In this section the pressure profile and average pressure 
of SNS ring arc and straight sections are calculated using 
VACCALC code. Varying the size, number and spacing 
of pumps for various outgassing rates will permit the 
design of a minimum cost accelerator vacuum system for 
predetermined vacuum performance requirements The 
real residual gas composition is not known precisely, 
however, for relative comparisons we assume the gas 
composition is H2(40%), H2O(40%),and CO(20%). The 
gas desorption loads fi-om special beam components, such 
as stripping foil and the extraction kicker ferrite, limit the 
accuracy of the simulation to a factor of 2 or more. 

Pressure Profile in Arc Section 
Each ring arc section (Fig.2) has 8 halfcell chambers 

and one quartercell chamber. The vacuum chambers and 
the magnets are grouped symmetrical to the middle 
quadrupole, such that they are mirror images to each 
other. Five ion pumps will be installed in the Arc section 
for day-one operation. Pump ports are available at each 
halfcell chamber for future upgrade. 

E^ 
QHX10   QVX11 

\\ 1^   QHXe 
'    QtVKf Straight s wrtion 

DHK1 

QVXia    QHX 

—1- 

I ^ 
I   r 
I   n 

Figure 2. Schematic layout of arc sections. 

The outgassing rate of stainless steel is well 
understood and confident estimates can be made for a 
wide variety of conditions. However, because of the 
required TiN coating to reduce SEY, outgassing data for 
coated chambers is needed for vacuum simulations and to 
meet design requirements. The ring vacuum system will 
not be baked, so of particular interest is the outgassing 
data without in-situ bake. The outgassing rate of several 
SNS chambers was measured by means of the orifice 
method and summarized below [5]. 

The purpose of TiN coating is to minimize the SEY 
from the chamber wall, thus avoid the so-called e-p 
instability caused by electron multi-pacting. TiN-coated 
coupons were sent to CERN for SEY measurements. The 
results [5] show that TiN films generated at higher 

sputtering pressures have an SEY ~ 50% lower than those 
films generated at a lower pressure. However, the 
outgassing rate of the higher pressure fihn is, on average, 
an order of magnitude higher than that of the low pressure 
film. Both the low SEY and high outgassing is a result of 
the increased surface roughness of the fihn. Because 
electron cloud effects will be more deleterious to 
accelerator operations than the increased pressure, 
chambers will be coated at higher pressure. The pressure 
profiles, with the specific outgassing rate of 1.2x10"" 
Torr.l/s.cm^ (with TiN coating) and 8.5x10"" Torr.l/s.cm^ 
(without TiN coating) are shown in Fig.3. 

Table2. Outgassing for chambers under various conditions- 
Description Q        Hours 
Chamber #2A(VD, no TiN) 8.5E-12     120 
Chamber #2A(VD,HP, TiN) 1.2E-10     120 
Chamber #5B(VD,LP,GDT, TiN)     9.6E-12     120 

(VD: vacuum degass at 450^, HP: TiN coated at 4 mTorr, LP: 
TiN coated at 1.5 mTorr, GDT:post glow discharge treatment) 

PS=S JnTcvT, Stainless Steel 

Figure 3. Pressure profiles in arc sections. 

Pressure Profile in Injection Section 
The SNS injection section has eight injection kickers, 

one injection septum, one dump septum, four injection 
bending magnets and two quad doublet assemblies. The 
layout is shown in Fig.4. The injection bending magnet 
No.2 has a thin carbon foil to strip the electrons off the H" 
beam. This foil will be heated by the proton and the two 
accompanying electrons. Therefore an additional factor of 
5 in gas desorption at B2 region is used in the simulation. 
Figure 5 shows the pressure profiles in the injection 
section. 

Beam 

LK     SK    QD     DS B4 B3        Bl   IS    QD    SK LK 
> 

B2 with Foil Stripper 

LK: Injectirai Kicker, Long 
SK: Injection Kicker, Short 
QD:Quad Doublet Assembfy 
IS: Injection Septum 
DS:Dump Septum 

Bl: Injection Bending Magnet #1 
B2: Injection Bending Magnet #2 
B3: Injection Bending Magnet #3 
B4: Injection Bending Magnet #4 

Figure 4. Schematic layout of injection section. 
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/ 
Pa-33nTafT, High Prauura TW Coating 

Pa^enToir, Stainlsu StMt 

hjtdion BMnding Magnat No2 with RHI Stripper 

20 25 

Figure 5. Pressure profiles in injection section. 

Pressure Profile in Collimator Section 
In the SNS accumulator ring, a straight section is 

dedicated to transverse collimation. The present ring 
lattice uses one primary and two secondary coUimators 
(Fig.6) to mitigate beam halo caused by space charge and 
other collective effects. The collimator system is designed 

Beam 

QD    C3 C2 QD    PC 

Movable Scraps 

QDiQuad DoubM Assembly     C2: Ring 2 Collimatra- 
PC: Primary Collimator C3: Ring 3 Collimator 

Figure 6. Layout of the collimation straight section 

Pa>34nTorr, Hgh Pnsun UN Coating 

"\-- 
PaF4.7nTorr, StainlsH StMl 

Primary Collimator Rno2Cdlimatar 

I      I I      I 
Ring 3 Collimator 

CZZ) 

Figure 7. Pressure profiles in collimation section. 

to handle the entire portion of the anticipated 2x10'^ 
fractional beam intensity. Therefore the simulation uses 
an additional factor of 5 for gas desorption and the result 
is shown in Figure 7. 

Pressure Profile in Extraction Section 
Figure 8 gives the extraction section layout. The 

extraction system of SNS ring has 14 kickers (separated 
into two groups) and the apertures of those kickers were 
adjusted with the betatron function to yield the overall 
SNS ring acceptance [6]. A total of 168 ferrite blocks will 
be installed inside the vacuum chamber. The specific 
desorption rate of ferrite is 3x10"" Torr.l/s.cm^ (before in- 
situ baking) and 2x10"" Torr.l/s.cm^ (after in-situ baking) 

[7]. The pressure profiles are shown in Fig. 9 with and 
without in-situ baked ferrites. 

Beam 

BK QD LamB EK2      QD     EKl 

QDiQuad Double Assembly 
EKl: Ext Kicker 1 
EK2: Ext Kicker 2 

Figure 8. Schematic layout of extraction section. 

LamB: Ext Septum(Lambertsffli) 
BK: Beam in Gap Kicker 

Figure 9. Pressure profiles in extraction section. 

SUMMARY AND DISCUSSION 
Pressure distribution simulation on the SNS ring 

vacuum system has been presented. Our simulation results 
show that the average pressure will be 3-4 times higher 
than the design value of <lxlO"* Torr due to higher 
outgassing rate with TiN coating done at higher sputtering 
pressure. The pressure will decrease with SNS beam 
conditioning based on CERN SPS beam scrubbing 
experience [8]. The pressure may also be reduced by 
adding titanium sublimation pumps and ion pumps at 
existing pump ports of vacuum chambers in future 
upgrade. 
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ELECTRON DETECTORS FOR VACUUM PRESSURE RISE 
DIAGNOSTICS AT RHIC* 

Abstract 

U. Iriso-Arizt, A. Drees, W. Fischer, D. Gassner, O. Gould, J. GuUotta, 
R. Lee, V. Ponnaiyan, D. Trbojevic, K. Zeno, S.Y. Zhang. 

BNL, Upton, NY 11973, USA 

In the RHIC 2001 run, an unexpected vacuum pressure 
rise versus bunch increasing currents was observed in both 
gold and proton operations. This pressure increase due to 
molecular desorption is suspected to be induced mainly by 
electron multipacting, but other causes may coexist, such 
as ion desoiption due to halo scraping. In order to get a 
reliable diagnostic of the phenomenon electron detectors 
have been installed along the RHIC ring. In this report we 
describe results measured by the electron detectors with en- 
ergy filters during the RHIC 2002/2003 run. 

1 INTRODUCTION 

A pressure increase was observed during Au-Au F Y2001 
run at the Relativistic Heavy Ion Collider (RHIC) for high 
intensity beams. It is suspected to be due to molecular des- 
orption, mainly substained by electron multipacting, but 
other causes may coexist, such as ion desorption or beam 
losses as seen in Ref. [1]. In order to have a reliable diag- 
nostic for the phenomen, up to 16 electron detectors {ED) 
have been installed in the RHIC ring. Since the presence 
of ions is not rejected [1], ion collection will be possible 
through these detectors. A general description of the ED 
installed at RHIC follows: 

• 4 Spallation Neutron Source (SNS) ED, and 1 Ar- 
gonne National Laboratory (ANL) ED. Both of these 
ED are RF shielded very effectively and in a similar 
manner. No amplifiers were connected to them, and 
they all could be used to measure an electron energy 
(Ee) spectrum. 

• 1 MicroChannel Plate (MCP) ED. Its low frequency 
cut oif {fiow)i^ set to 0.3MHz, and it has a nomi- 
nal gain (G) of 58dB. No Ee spectrum is available 
through this detector. 

• 11 RHIC ED. Their design is based on the PSR 
model [2], and a general layout can be seen in Fig. 1. 
Most of these ED's are connected to the AC coupling 
amplifier Sonoma 310 (G=32 dB, bandwidth {BW) 
[lOkHz-lGHz]). The final fio^ ranges from lOkHz 
to IMHz since it is a function of the Capacitor (C) 
used to protect the amplifier. An E^ spectrum is also 
possible through these detectors. 

As a first measure to reduce the pressure (P) rises detected 
during RHIC 2001 run, most of the warm parts of the ring 

• Woric supported by US DOE under contract DE-AC02-98CH10886 
t ubaldo@bnl.gov 

were baked out before the FY2003 run. Despite the fact 
that the ring was filled several times with the same fill pat- 
terns as in 2001: 55 and 110 bunches, 216ns and 106ns 
bunch spacing, respectively. See Ref. [1] and [3] for more 
information. P rises were not as strong and generally re- 
produced around the entire ring, but only in certain loca- 
tions. The bake but, together with the lower beam inten- 
sities achieved during this run, produced very low electron 
currents to the beam pipe wall. Therefore, only the EDs 
placed at very weak parts (in terms of vacuum stability) 
and with a high G were able to detect currents above the 
noise level. For technical reasons the MCP (58dB) was not 
fiilly utilized. Therefore, the RHIC ED has been the main 
ED providing electron cloud EC signals, and this note will 
report about the description of this detector. 

2 THE RmC DETECTOR LAYOUT 

The general layout of die RHIC ED can be seen in 
Fig. 1. The top grid ('Grid 0' in Fig. 1) acts as an RF 
shield, and its transparency (To) is fixed to 23% in order 
to decrease the effect of the image currents without inter- 
fering the multipacting process. The middle grid (stated in 
Fig. 1 as 'Grid 1', with Tj = 80%) can be biased to dif- 
ferent voltages through the remote controlled High Voltage 
supply {HV). It acts as an energy filter, allowing the E^ 
spectrum to be measured. 

Figure 1: Layout of the RHIC ED. As stated in the text, 
C is not the same for all 11 detectors, but a typical value 
is 0.01 iiF. The presence of C is needed to protect the 
amplifier. 

The bottom grid (shown as 'Grid 2' in Fig. 1, with 
T2 = 80%) is held at -lOV by a DC battery. It is used 
as a repel back the secondary electrons produced at the col- 
lector. The collector can be biased either positively or neg- 
atively through another output of the HV supply in order to 
check the presence of either electrons or ions, respectively 
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[1]. In order to be able to keep the collector at different 
voltages and polarities without damaging the amplifier, an 

C circuit (Fig. 1) is used in a box placed as close as 
possible to the ED in the ring. The multiplexer (shown 
as 'MUX' in Fig. 1) allows for signal splitting and two 
data acquisition modes: 'fast' and 'slow'. The fast mode 
uses a scope to take a 20/i snapshot sampled at IGHz 
which is done through the scope. This acquisition is trig- 
gered every AGS ' cycle (approximately every 4s). The 
'slow' mode uses a Multiplex Analog to Digital Converter 
(MADC) with a sampling rate of 720 Hz. This mode should 
be useful in linking the time evolution of P and ^aii for 
large time scales. 

Signal differentiation 

An AC coupled system differentiates the signals below 
the flow, which is determined by C. The RHIC ED 
circuit has been evaluated using the commercial software 
PSP CE ^, and its behavior has been tested for a given 
'ideal' u,aJi- This wall has been taken from one of the ex- 
isting computer EC simulation codes, in this case, CSEC 
[5]. Figure 2 shows the signal differentiation when the 
EC starts. Although we are referring to an electron cur- 
rent which should always be negative (green light points 
in Fig. 2), the signal that will be seen in the scope (black 
line) is both positive and negative in order to keep the inte- 
gral over one period null, i.e. one RHIC beam revolution, 

rev = 12 8/i . We can see that as the EC takes place, both 
the maximum and minimum parts of the signal increase in 
magnitude due to the electronics design. Using the MADC, 
we log the maximum and minimum values of the 720 sam- 
ples taken per second and we can follow the slow evolution 
of EC at IHz. This will become the most reliable tool in 
evaluating the EC signal at large time scales (minutes). 

8      10     12 
Time (jis) 

Figure 2: Theoretical ^aii calculated with CSEC (green 
light dots). This signal is differentiated by the RHIC ED 
system, and has been evaluated with PSP CE (black 
line). 

Calibration 

For a given scope voltage readmg (V), we will be in- 
terested in the corresponding current into the wall ( wall)- 
Given the surface area of the detector, 5e<i=78 m^, and 
taking into account that the effective transparency (Tg//) 
of the ED is calibrated as a function of the Eg (see [4]), 

wall in terms of /i      m^ can be calculated as: 

V 
wall —     r<c   m (^) 

where = 50$!, and according to the specifications of the 
amplifier, G is significantly flat for the / we are interested 
in (80kHz to 20MHz). Therefore, the uncertainty in Tg// 
will be responsible for die error while computing the wall 
from the experimental data {V). 

3 EXPERIMENTAL RESULTS 

During this run, d circulated in the clockwise RHIC ring 
(blue ring), and the ''^+ ions ran in the counterclockwise 
RHTC ring (yellow ring). The typical intensities have been 
p5=6 10^° d per bunch ( ) in the blue ring, whereas in 

the yellow ring pb=4 10^ ''^^ ions per bunch 
These numbers are below the EC threshold in both cases. 
Together with the bake out, these facts produced some 
less severe P increases (see [3] for more details), and 
the possibilities of detecting electrons were significantly 
reduced. On the other hand, during the polarized proton 
( ) run starting in March 26di 2003, the beam mtensities 
were readily attainable above the EC threshold, and an 
p6=10^^ protons per bunch (     ) was easily achieved. 

We analyze die data collected for both the and 
run. Table 1 summarizes the experimental minimum beam 
parameters for which EC signals allow data collection 
using the ED. 

Table 1: Experimental beam parameters producing £'C sig- 
nals at the RHIC ED. The beam bunch spacing is always 
106ns, corresponding to the pattern for 110 bunches in the 
machine. Bunch length at injection is usually 15-20 ns, 
while when ramping it is about 10ns (head to tail), wall is 
estimated using Te//=3.5% from [4]. 

-1-79 

pi 810^ 91010 81010 
process 

wallilJ- 
fill* 
P (torr) 

ramp 
m2)          «5 

3107 
510-6 

injection 
wO.5 
3159 

110-6 

injection 
w2 

3460 
410-6 

'Alternating Gradient Source 
^http://www.orcadpcb.com/pspice 

Fast mode observation 

The Au case showed only one significat case of EC sig- 
nal, and interested readers can see it in [3]. In the d case, no 
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clear snapshots of data have been logged with ED. How- 
ever, in several cases, by smoothing the data it is possible to 
distinguish the EC signal from the noise level and image 
currents. The most critical region in die blue ring turned 
out to be the straight section 'bo2'. The RHIC ED there 
has the same characteristics as seen in Fig. 1, except that it 
is equipped with 2 amplifiers in series. Therefore its total 
nominal G = 6MB. Fig. 3 reports the case of fill #3159, 
where Ipb=9 10i° dpb. When 59 bunches where injected in 
the machine, the raw data does not show any clear EC sig- 
nal (light green dotted lines). Numerically smoothing the 
data with a 10 MHz filter (black line), we can clearly see 
how the EC rises for the last bunches and disappears at the 
same time as the bunch train. 

E 

I Raw data and smoothed signal. Fill «3159,8h59m16s 

Figure 4: EC signal using MADC in bo2 sector while fill- 
ing RHIC with 110 bunches. Injection was temporally in- 
terrupted after 45 bunches (t=200s) and resumed at t=320s. 
Note that P is plotted in logarithmic scale. 
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Figure 3: EC signal on die .ED placed in the bo2 sector. 
The light dotted green line shows the raw data, whereas the 
black solid line shows the smoothed data using a numerical 
10 MHz filter. 

Slow mode observation 

The ED placed in bo2 showed clear EC signals dur- 
ing the pp run using the 'smoothing' technique, and similar 
snapshots as in Fig. 3 are compared in [5]. Fill #3460 
showed a general EC problem throughout RHIC. This 
clear case allowed us to carry out interesting studies us- 
ing the 'slow' mode (MADC). Figure 4 shows the time 
evolution of P, and the V in the ED. The injection during 
this fill was temporally interrupted when 45 bunches were 
injected (t=250s, in Fig. 4). Injection resumed at t=320s 
and finished after 700 s. Correlation between the time evo- 
lution of P and F is visible, which shows that EC is the 
primary factor in the P rise. V is plotted in a linear scale, 
and it is worth mentioning that both magnitudes are ulti- 
mately a function of I beam- Using Eq. 1, I^M in this plot 
ranges from 0.2fiA/cm'^- hixA/crri^. 

4 CONCLUSIONS AND OUTLOOK 

The EC could be observed with d, Au and p in the 
FY2003. P rises during the dAu run have in general been 
lower tiian expected due to die bake out performed during 

the 2002 shutdown and die technical difficulties in aciev- 
ing high /pb. However, under certain beam conditions, a 
substantial P rises were observed and several EC signals 
have been detected using the RHIC ED in the fast mode for 
both d and Au. The weak EC signal and the absence of an 
amplifier for the SNS and ANL ED did not allow the EC 
tote seen using tiiese. In general, 7^„„ ranges [0.5-10] 
^. The RHIC ED has been very sensitive to of image 
currents, and signals below «0.5 ^ , corresponding gen- 
erally to P lO-'^ Toir were indistinguishable from die 
noise level. Only cases reported during die pp run allowed 
us to use die slow mode detection. The signal differentia- 
tion in die RHIC ED has been evaluated, and an estima- 
tion of the evolution of EC for large time scales (minutes) 
is possible. This fact allowed us to investigate die direct 
influence of I^aii on die P rise. A measure of die E^ spec- 
tiiim, and a better estimation of die slow evolution of I^aii 
are in progress. A new DC amplifier is currenfly being de- 
signed and expected to be ready for use during die next run. 
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ELECTRON CLOUD AND PRESSURE RISE SIMULATIONS FOR RHIC* 

U. Iriso-Arizt, M. Blaskiewicz, A. Drees, W. Fischer, S. Peggs, D. Trbojevic. 
BNL, Upton, NY 11973, USA 

Abstract 

Beam induced electron multipacting may be among the 
main reasons for the vacuum pressure rise when circulat- 
ing high intensity ion and proton beams in RHIC. Latest 
simulation results are benchmarked with recent experimen- 
tal observations for RHIC, and compared to other general 
computer codes. The influence of the electron multipacting 
to the vacuxmi properties is also discussed. 

1 INTRODUCTION 

Pressure (P) rises were observed as bunch currents were 
increased during both gold (Au) and proton (p) operations 
at the Relativistic Heavy Ion Collider (RHIC). Preliminary 
indications from the RHIC 2001 ran [1] suggest that an 
electron cloud (EC) may be the main cause of P rises that 
limit the beam intensity at RHIC. Ion desorption and beam 
loss may also be partially responsible. In the following, we 
benchmark the latest experimental observations with one 
of the existing computing codes, CSEC{ [2]). Prelimi- 
nary results obtained from ECLOUD [3] are also dis- 
cussed. Following the results obtained by CSEC and the 
experimental data, we give a reliable ranges for the main 
wall surface parameters contributing to the effect, which 
are necessary to determine the behaviour of the secondary 
electron emission, S (Sec. 2). Observations have been 
made with the same fill pattem (106ns bunch spacing) and 
during the same process (injection, where bunches are typ- 
ically 15ns head-to-tail long) as in the 2001 ran. Due to the 
bake out carried out during the RHIC shutdown in 2002, 
the 55 bunch fills (with 216ns bunch spacing) did not show 
EC effects. Due to the high P rise observed in some cases, 
the number of injected bunches injected did not reach the 
target of 110. We also compare the simulation results with 
data when a solenoidal field is applied to suppress the ef- 
fect. The experimental results are based on the electron 
detector in [4]. The direct output provided by this detector 
is a voltage, which can be converted to a current into the 
wall (Iwaii) with a large uncertainty (factors «3 are pos- 
sible [4]). Despite this large error, it has been decided to 
show the experimental observations in terms of Iwaii, ex- 
pressed in (^). Finally, and based in the experimental 
data, we discuss the influence of Ij^aii to the P for when 
the latter reaches a final steady state. 

2 PARAMETRIZATION OF THE 
SECONDARY EMISSION YIELD 

Following the notation in [5], for a normally incident 
electron with kinetic energy E, S{E} is the total number 
of electrons leaving the surface due to all processes. The 
parametrization of 5{E) is one of the main concerns while 
simulating the EC effect, and there are still a lot of inves- 
tigations currently being carried out [7]. CSEC uses the 
following [2]: 

(1) 

+     SEYm s{E/Emax) 

''s-l + {E/EmaxY 

where Er, s, and Ri„f are fitting parameters that have 
been fixed from [2] and [5] to 60eV, 1.813 and 0.2, re- 
spectively. Ejnax corresponds to the energy at which 5 
has its maximum value {5max)- For stainless steel (RHIC), 
-'5TOox=300eV [6]. The contributions to 6{E) can be di- 
vided into the reflected electrons (terms proportional to R 
and Rinf) and the 'trae' secondaries (terms proportional to 
SEYmax)- R stands to the electron backscattering proba- 
bility at low E, whereas R^f refers for the same proba- 
bility for high E electrons. The angular distribution of the 
secondary electrons is also taken into account and can be 
seen in [2]. Figure 1 illustrates the global behaviour of J 
and the individua contribution of the reflected electrons and 
the trae secondaries, respectively. 

2 true secondaries 

S(E)   

Smax 

■ 

1.5 

1 

R __--</ 

//   SEY„„^ 

\ 
0.5 y 

 ^ R|n( 

n ■,*'•' . .. 

• Woik supported by US DOE under contract DE-AC02-98CH10886 
t ubaldo@bnl.gov 

E,(eV) 

Figure 1: Separation between the processes influencing (5 
for R=0.6 and 5£;ymoa:=1.9. 

EC is very sensitive to the SEYmax and R. By com- 
paring CSEC results with experimental observations, we 
give a reliable range for these SEYmax and R referring 
to the RHIC beam pipe wall. On the other hand, the free- 
dom to change these specific parameters in the input file us- 
ing the ECLOUD code is reduced only to the value Smax 
(Fig. 1). Note that S^ax is not the same as the SEYmax 
from CSEC. The way in which the reflected electrons are 
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evaluated in EC LOUD is fixed. The parametrization used 
there has been updated following laboratory measurements. 
The latest version, which is the one used here, can be seen 
in [7]. 

3 SIMULATIONS COMPARED WITH 
EXPERIMENTAL DATA 

Clear EC cases occurred during the RHIC FY2003 po- 
larized proton (pp) run, where it was technically feasible 
to reach higher bunch intensities (Jpt) than during the dAu 
run. These cases occurred at the long straight section la- 
beled 'bo2', where the vacuum chamber has cylindrical 
symmetry. The main machine characteristics, together with 
the beam parameters for fill #3460 can be seen at Table 1. 
Figure 2 shows a snapshot of the EC signal collected in the 
ED and the bunch intensity (Zpt) for fill #3460. Ip^ ranges 
from 8 10^° to 5.5 10^° ppb during the bunch train. Note 
that the Ipb of the second group of less intense bunches 
(from bunch # 17 to 33) causes the EC signal to decrease. 
That may indicate a RHIC EC threshold of 7pi,=610^° pro- 
tons per bunch (ppb) for the long straight sections. 

Table 1:  Machine and beam specifications used for the 
RHIC simulations based on fill #3460. 

Ipb 810^>p6 
full bunch length 15 ns 

bunch spacing 106.6 ns 
# bunches (TVt,) 110 

revolution period (Tret,) 12.8 /is 
rms beam radius 2.4 mm 

relativistic 7 25.8 
beani pipe radius 6 cm 

Figure 2: EC signal (black solid trace) and /p6 (red bars) 
for a RHIC revolution (12.8 /xs during fill 3460). The signal 
goes from positive to negative values due to the electronic 
design of the ED. 

In general, the computer code simulations assume equal 
intensity along the bunch train. Fill #3460 can be repro- 
duced with the recently developed CSEC, which allows 
Ipb to be changed for different bunches. We tried to fix 
the wall surface parameters contributing to EC by sweep- 
ing SEYmax and R and comparing I^aii behaviour with 

the experimental data. Due to the few EC cases found 
until now, the electron dose received can be neglected. It 
tumed out that R<0.5 needs SEYmax >2.2 to multipact 
(far from the literature values for baked stainless steel sur- 
faces, see [5] and [6]), whereas R=0.7 does not reproduce 
the observed decay time. Therefore, possible values for R 
are 0.6d=0.1. Figure 3 shows the SEYmax sweep fixing 
R=0.6. In order to determine the proper values of SEYmax 
and R, we could fit the growth and decay times from both 
simulations and experimental data and compare the results. 
However, the experimental data comes from an AC cou- 
pled signal with a low frequency cut off, /jo,„=300kHz [4]. 
Therefore, the signal needs to be treated before fitting when 
slow dynamics (<300kHz) play a role, as they did for fill 
# 3460. This treatment is being developed, and the results 
of the first analysis indicate that R=0.6 and SEYmax=[l-^- 
2.0] match reasonably well with the estimated lyjaii («0.5- 
5^) and .EC timing (saturation « 6 us). This combi- 
nation is also found in scientific papers ( [5] and [6]). 
The combination R=0.5 and SEYmax >2.1 is a possibility 
for the unbaked stainless steel vacuum chambers at RHIC. 
Note that these values are given for i?i„/=0.2. Possible 
consequences of changes in this parameter are currently 
under study. 

12 
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k^^—    II ill it! ill 11 ill I ,li,ii)l! I,lii^ 
•    SEY=2.1        |j !i=Jli^;5iSS;:S!sV!::;i!;d^'/:r:.;i?:!;:''■V?^■■■>:''^ 
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Figure 3: Sweep of possible values of SEYmax fixing 
R=0.6. The maximum value of the line density for these 
cases ranges from 0.1 nC/m (5£'F„ax=l-7) to InC/m 
{SEYmax=2..y). 

PreUminary results using ECLOUD with the latest 
parametrization for elastically reflected electrons using 
<5mai=l-9 produce a line density p at saturation on the or- 
der of O.SnC/m, which is in good agreement with CSEC 
results for R=0.6 and SEYmax='i^-8- 

4 RESULTS OF APPLYING A SOLENOID 
FIELD 

Figure 2 shows that less intense bunches produce a 
strong decrease in the ECE signal. Therefore, it was 
thought that a fill pattern with some missing gaps could 
avoid the EC build-up. To check this possibility, RHIC 
was filled with the 110 bunch fill pattern, but using some 
gaps in the bunch train, i.e. the same beam and machine 
parameters stated in Table 1 except for iV6=41 and 7p(,=l. 1 

798 



Proceedings of the 2003 Particle Accelerator Conference 

10^^. In this case, 16 'filled' bunches were followed by a 
gap of 425ns (corresponding to 4 missing bunches). Dur- 
ing the third bunch train, only 9 bunches were injected be- 
cause of the high P rise. So, the total number of bunches is 
JV(,=16+16+9=41. Fig. 4 shows this pattern as well as the 
EC signal. The EC signal was quite evident and stable and 
a solenoid field (B) was appUed. As can be seen in Fig. 4 
(top), a very weak B (5.4 Gauss) already decreases the EC 
at RHIC by a factor of »4, and unfortunately sends the 
EC signal below the noise level. Observations with higher 
B did not show significant changes. Results from CSEC 
simulations are shown on Fig.4 (bottom). According to 
Sec. 3, a good and reliable combination is SEYmax=^-8 
and R=0.6. Simulation results for this case can be seen 
at Fig. 4 and confirm that 5=5.4 Gauss is already a field 
stiong enough to put ttie EC signal under the RHIC elec- 
tron detector noise level. Further studies are currentiy car- 
rying on to exactly determine the magnetic field supressing 
£;CatRHIC. 

Exp«rinwnt«l Data | 
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Figure 4: Experimental suppression of the EC using a 
solenoid (top). B=5.4 Gauss sends the EC signal to the 
noise level. The simulation results (bottom) show good 
agreement. Note a logaritlunic scale is used for the sim- 
ulation results to highlight the difference in the order of 
magnimde. 

5 EVALUATION OF P 

For Ipb and Nb fixed, the final Iwaii is stabilized under 
certain conditions due to space charge effects. Observa- 
tions show that the final P also reaches a certain equilib- 
rium between the desorbed gas molecules in the wall and 
the gas pumped by the ion pumps. This P can be esti- 
mated directly proportional to lyjaii ([1]) and depending 
on the the election desorption coefficient (rje) of the beam 
pipe wall. This becomes a critical parameter for this cal- 
culation. Although i]e changes significantly depending on 

the gas species, temperature, surface material and the im- 
pinging election E ([9]), we plan to use RHIC to give a 
global (regardless the gas species) estimate for rje based on 
the experimental observations for bodi I wait and P. Un- 
fortunately, the amount of data is still not enough to give a 
reUable value for rje and further studies are currently being 
carried out. 

6 CONCLUSIONS 

Observations at RHIC and simulation development are 
currentiy being carried and therefore the analysis is not 
definitive. However, preliminary results from simula- 
tions show good agreement with the latest experimental 
data (I^ait on the order of 0.5-10 ^). Both CSEC, 
EC LOUD and experimental results show a p « 0.5 nC/m. 
We determined a value for R=0.6 ± 0.1 for SEYmax 
(1.8-2.1) for baked stainless steel vacuum chambers used; 
and SEYmax > 2.1 for tiie unbaked case using CSEC 
parametrization. However, variations on Rinf have not 
been considered, and these values may vary slightly. Weak 
solenoid fields (?» 10 Gauss) are stiong enough to suppress 
the cloud for Ipt « lO^^ppb. We introduced also a preUmi- 
nary plan to find a global value for rje from the observations 
of P and/u,aH. 
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DEVELOPMENT OF MOVABLE MASK WITH REDUCED-HOM DESIGN 
FORKEKB 

K. Shibata*, Y. Suetsugu, T. Kageyama, KEK, Tsukuba, Japan 

Abstract 
At the high energy ring of the KEK B-factory (KEKB), 

it was found that some bellows near the movable masks 
were overheated due to the higher order mode (HOM) as 
increasing the beam current over 900 mA. To cope with 
this problem, a new mask was designed where the length 
of ramps beside the mask head was expanded from 30 
mm to 400 mm. MAFIA T3 simulations showed that the 
loss factor for the new long mask was about a half of that 
for the previous short one. The power of the TE mode, on 
the other hand, which can easily couple with the bellows 
through the finger-type RF-shield, was expected to reduce 
to about 6 percent of that for the short one. During the 
summer shutdovra in 2002, two long masks were installed 
as a test. In the following run the temperature rise of 
bellows near the long masks was about 20 percent of 
those near the short ones and the new design was found to 
be effective to reduce the HOM. The decrease in the 
temperature rise was larger than the reduction of the 
HOM power estimated from the loss factor. This resuh 
indicates that the overheating of the bellows is mainly due 
to the TE mode like HOM rather than the total HOM. 

INTRODUCTION 
The KEKB is a high-luminosity electron-positron 

synchrotron collider with asymmetric energies to produce 
copious B and anti-B mesons for the study on the CP 
violation [1]. It has two rings, one is the high energy ring 
for 8 GeV electrons (HER), and the other is the low 
energy ring for 3.5 GeV positrons (LER). The design 
beam current of HER and LER are 1.1 A and 2.6 A, 
respectively, and the luminosity goal is IxlO^'' cm"^s"' [2], 
To achieve such a high luminosity, there are various kinds 
of devices in the vacuum system of KEKB. A movable 
mask (or coUimator) is one of them to cut off particles 
escaped from a bunched beam and to reduce background 
noise in the BELLE detector [3-5]. Sixteen movable 
masks (eight vertical and eight horizontal type masks) are 
now installed in each ring. The position of each mask 
head can be adjusted remotely balancing the background 
noise in the detector with the beam life time. 

In 2002, overheating of bellows just near the vertical 
masks in HER was found at the beam current higher than 
900 mA. This overheating was caused by the HOM which 
went inside of the bellows through slits between RF- 
shield fingers of bellows [6]. Some bellows were 
overheated up to about one hundred degrees and 
sometimes resulted in vacuum leaks. In order to solve this 
problem, the vertical movable mask was improved 
introducing a reduced-HOM design. Here the structure of 
new mask and the  estimation  of HOM power  are 

"kyo.shibatalgkek.jp 

presented in detail. 

REDUCED-HOM DESIGN 
Structure 

Figure 1 shows sketches of the previous short mask and 
the new long one (vertical type). A mask chamber is a 
bent chamber and the wall of the chamber has the 
fimction as a mask head. Since the cross section of the 
beam chamber is kept constant, there is no trapped mode 
at the mask head although the HOM is excited at the mask 
head where the beam passes off centre of the beam 
chamber [4]. The position of the mask head can be 
adjusted by moving the mask chamber with a stroke of 
±10 mm around the nominal position. There are bellows 
with a finger-type RF-shield [6] at the both side of the 
mask chamber to absorb the motion of the mask chamber. 

In order to reduce the power of the HOM generated at 
the mask head, the length of the ramps beside the mask 
head was expanded from 30 mm to 400 mm with the 
same height of 15 mm in the case of the improved long 
mask. The length of the ramp was limited to 400 mm by 
the space for installation. 

Reduction of Loss factor 
To estimate the effect of this new long mask, the loss 

factor of a vertical mask was calculated by using MAFIA 
T3 simulation code. The distance from the mask head to 
the beam and the bunch length were set for 10 mm and 6 
mm, respectively. Figure 2 shows the loss factor, k, as a 
function of the ramp length of the mask head, /. The loss 
factor decreases rapidly with increasing the ramp length 
from 30 mm to 100 mm. After that the loss factor 
decreases gradually with the ramp length. When the ramp 
length is expanded from 30 mm to 400 mm, the loss 

Previous Short Mask 

Mask Chamber 

New Long Mask 
400 mm 

Mask Head Bellows 

j        Ramp 

Mask Chamber 

Figure 1: Previous short mask and new long mask. 
The length of the ramps was expanded from 30 
mm to 400 mm. 
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Ramp Length / [mm] 

500 

Figure 2: Loss factor, k, of the HER vertical 
mask as a function of the ramp length, /. 

factor is reduced to about 46%. It is, therefore, expected 
that the temperature rise of the bellows near the mask 
should reduce to about a half at least. For 1000 mA beam 
with 1200 bunches, for an example, the power loss should 
reduce from 2.8 kW to 1.3 kW. 

Reduction ofTE mode 
TE mode can easily couple with the bellows through 

the slits between RF-shield fingers. (The width and length 
of the slit are 0.5 mm and 20 mm, respectively [6].) It is, 

therefore, very important to consider the effect of the TE 
mode among various modes. 

To estimate the power of the TE mode, the magnetic 
field component fi^, which is parallel to the beam axis, 
just near the inner wall of the beam duct was calculated. 
The monitoring point was 100 mm away from the edge of 
the ramp beside the mask head that is the nearest bellows 
position. 

The results are shown in Fig. 3 as a function of the 
ramp length, where <B^ is the averaged intensity ofB^ 
for 5 ns after a bunch passed by the monitoring point 
(about a half of the present bunch spacing) excluding the 
beam induced field and it represents the power of the TE 
mode. The averaged intensity, <B^, decreases more 
drastically than the loss factor (Fig. 2). Comparing the 
case of 30 mm with 400 mm, <B^> reduces to about 6%. 
It is, therefore, expected that the temperature rise of the 
bellows near the masks could reduce to about 1/16. 

RESULTS AND DISCUSSIONS 
During the summer shutdown in 2002, two long masks 

were installed in HER as a test and the temperatures of 
bellows just near the vertical masks were measured. 
Figure 4 shows the behaviour of temperatures of bellows 
near new long masks and previous short ones against the 
beam current. Because of the resonance phenomenon, 
there are some differences between data. However, it is 
obvious that the temperature rises of the bellows near the 
new long masks are smaller than that of the previous ones. 
When the beam current was 950 mA, the temperature rise 
reduced to about 20% on average. 

The ratios of the temperature rise of the bellows near 
the long mask to that near the short one are shown in 
Table 1, where AT, AT^ and ATB represent the temperature 
rise obtained by the measurement, expected from k and 
<J5Z >, respectively. There are some discrepancies 
between the expectations and the observations. The 
experimental result is between the expectations. 

The expectation from the loss factor k is larger than the 
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Figure 3: The averaged intensity, <B^>, of the 
HER vertical mask as a function of the ramp 
length, /. The monitoring point is also 
indicated in the sketch above. 
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Table 1: Reduction of the temperature rise 
obtained by the measurement and expected 
from k and B,. 

Expectation from k AT,, (400 mm) 
AT;, (30 mm) = 0.46 

Experimental result 
47(400 mm) 
AT {30 mm) = 0.2 

Expectation from <B^^> 
(full frequencies) 

ATB (400 mm) 
ATB (30 mm) = 0.06 

Expectation from <B/> 
(f > 2 GHz) 

ATB (400 mm) 
ATB (30 mm) = 0.2 

experimental result. This difference can be explained by 
that the effects of both the TE and TM modes were 
included in the expectation from k. Practically, only the 
TE mode can go through the RF-shield of bellows and 
contribute the heating of the bellows. According to the 
calculation by MAFIA, the reduction of the TE mode is 
larger than that of the TM mode with increasing the ramp 
length. The expectation from the loss factor must be 
underestimated. 

On the other hand, the expectation from <5/>, that 
represents the TE mode power, is less than the 
experimental result. One possible explanation for this 
difference is that heating of the bellows depends on 
frequency of the TE mode and all of the TE modes are not 
responsible for heating of the bellows. 

Figure 5 shows the calculated spectrum of 5^ for the 
short mask and the long mask. For the short mask there is 
a strong HOM around 1.5 GHz. However, the TE modes 
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Fig. 5: Spectrum of B^ for the new long mask (/ ■■ 
400 mm) and the previous short mask (/ = 30 mm). 

with low frequencies hardly go through the RF-shield of 
bellows, because the slits between RF-shield fingers are 
short compared to the wavelength. For example, taking 
into account only the TE modes with frequencies higher 
than 2 GHz, the expectation from <B^h> gets close to the 
observed result (Table 1). 

CONCLUSION 
In order to suppress the heating of the bellows just near 

the vertical movable masks in HER, the movable mask 
wath a reduced-HOM design was developed. The length 
of ramps beside the mask head were expanded from 30 
mm to 400 mm. After installation of the new long masks, 
the temperature rise of the bellows just near the masks 
reduced to about 20%, and it was confirmed that this new 
long mask is very effective to reduce the temperature rise 
of the bellows. Furthermore, from MAFIA T3 simulation 
it was found that the TE modes with frequencies higher 
than 2 GHz mainly responsible for heating of the bellows. 

During the winter shutdovra in 2002-2003, more two 
long vertical masks were installed in HER. After 
installation of the new long masks the stored current was 
increased gradually, and at the beginning of May 2003 it 
was about 1.1 A for HER (design current [2]). The 
maximum peak luminosity exceeded the design value and 
reached 1.03x10''* cm"^s"\ Overheating of bellows near 
the new long masks has not been found. All the short 
masks in HER will be exchanged for the new long masks 
during the summer shutdown in 2003. 
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DEVELOPMENT OF WINGED HOM DAMPER 
FOR MOVABLE MASK IN KEKB 

Y.Suetsugu*, T.Kageyama, Y.Takeuchi, K.Shibata, KEK, Tsukuba, Japan 

Abstract 
In a high luminosity lepton machine such as the KEK 

B-factory (KEKB), the vacuum components are likely to 
be annoyed by intense higher order modes (HOM) due to 
the high beam currents. A winged HOM damper 
equipped with SiC HOM absorbers was developed to 
absorb unnecessary HOM, especially TE mode like HOM 
with a power of several kW. Four dampers were installed 
in the KEKB ring near movable masks and relieved 
heating of bellows and pump elements effectively at the 
beam current up to 1.5 A. 

INTRODUCTION 
The KEK B-factory (KEKB) is an electron-positron 

collider with asymmetric energies consisting of two rings, 
that is, the High Energy Ring (HER) for 8.0 GeV 
electrons and the Low Energy Ring (LER) for 3.5 GeV 
positrons [1]. To realize the high luminosity, 10 nb'' s"', 
the design currents are larger than those of conventional 
colliders and are 1.1 A and 2.6 A for HER and LER, 
respectively. The commissioning of KEKB started in 
December 1998 [2,3]. At the beginning of May 2003, the 
achieved stored beam currents were about 1.1 A and 1.5 A 
for HER and LER, respectively, with 1284 bunches. The 
KEKB is now able to serve the world-record peak 
luminosity of 10.3 nb'^ s"' for the BELLE detector, which 
surpassed the design luminosity [4]. 

As increasing the stored beam current during the 
commissioning, the heating of vacuum components, such 
as bellows and pumps got apparent gradually due to the 
intense higher order modes (HOM) excited by the high 
currents [5]. The HOM in special problem is the TE 
mode like HOM since the RF shield of bellows (finger 
type) and the axial slots of pump port can shield well the 
TM mode like HOM [6,7]. To solve these problems, 
therefore, a new HOM damper specialized for the TE 
mode like HOM with a power of several kW was 
developed and installed. The developed dampers are 
working as expected now at the stored beam current of 
1.5 A and will be also available for future high current 
operation. 

TROUBLES DUE TO HOM 

Heating of Bellows 
A movable mask (or coUimator) of KEKB is a device 

that captures spent electrons/positrons just near the beam 
orbit and reduces the background noise in the BELLE 
detector [8,9]. The mask head is protruded from the side 
wall of beam chamber and positioned just near the beam 
* yusuke.suetsugu@kek.jp 

orbit (a few mm). The intense HOM, especially TE 
mode like HOM, therefore, is excited there. A typical 
loss factor of a movable mask is about 0.6 V pC' (6 mm 
bunch length) and the beam current of 1.4 A with 1200 
bunches, for an example, brings the energy loss of about 
lOkW. 

During operation, the bellows near the movable masks 
were apparently heated up compared to those far from 
masks [5]. The average temperature of some bellows at 
the beam current of 1.3 A was 57 °C while that of the 
other bellows far from the masks was less than 30 °C. 
The temperature showed a resonance phenomenon and 
depended on the bunch fill pattern, the bunch current and 
also the position of mask head. 

Abnormal Vacuum Pressure Rise 
Another example is the abnormal pressure rise near the 

movable masks again observed at the beam currents 
higher than 1.3 A in LER. The region that showed the 
abnormal pressure rise extended from about 30 meters 
downstream side to about 20 m upstream side of a block 
of movable masks (see Fig.4 later). It was also found 
that the main gas was hydrogen and the temperature of 
non-evaporable getter (MEG) pumps, the main pumps of 
the KEKB [5,6], was higher near movable masks than 
others. The pressure rise, therefore, was explained as the 
gas desorption from the NEG element heated by the HOM, 
again especially the TE model like HOM, excited at the 
movable masks. The element of NEG in the pump 
chamber is nearly insulated thermally and even a weak 
power (several tens W) can easily heat the NEG element 
over 100 °C. 

DEVELOPMENT OF HOM DAMPER 

Design 
To solve the problems described above, a new beam 

chamber equipped with HOM absorbers (HOM damper) 
was developed specializing for TE mode like HOM. The 
damper has delta-type wings and two SiC rods (<* 55 mm 
X 400 mm) are installed inside the both wings as shown in 
Fig.l. The design is based on the grooved beam pipe 
scheme successfiiUy applied to the KEKB ARES cavity 
system [10,11]. The SiC ceramics has the typical real 
and imaginary part of the relative dielectric constant of 21 
and 5, respectively, at 1 GHz [12]. The SiC rod had been 
tested preliminarily up to the input power of about 4 kW 
using a 1256 MHz microwave. The test model was 
designed for the LER and the beam channel has a circular 
cross section with a diameter of 94 mm as other usual 
beam chamber [6].    The total length and width of the 

0-7803-7738-9/03/$17.00 © 2003 IEEE 803 
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Wing ■ 

Beam Chambef 

Figure 1: Structure of winged HOM damper. 

Figure 2: Winged HOM damper combined with 
horizontal-type movable mask. 

winged damper are 1200 mm and 505 mm, respectively. 
The angle between the axis of SiC rod and the beam orbit 
is 15°. By making the axes of SiC rod and beam channel 
almost parallel, the HOM can be absorbed uniformly all 
over the SiC rod. The wing and the beam channel are 
connected with a long slot (20 mm wide x 707 mm long) 
and the TE modes with a polarization perpendicular to the 
wings can be absorbed efficiently. Whole view of a 
winged HOM damper together with an LER horizontal- 
type movable mask is presented in Fig.2. 

RF Property 
The calculation using the HFSS simulation code 

optimized the whole structure. The S21 (transmission) 
and Si 1 (reflection) parameter of a winged HOM damper 
for the TEu mode in a circular wave guide is presented in 
Fig.3 for the frequencies from 2 GHz to 6 GHz. For that 
elementary mode, the absorption rate of the damper is 
more than 10 dB in average for the wide frequency range. 
The loss factor is estimated as less than 0.01 V pC"' at the 
bunch length of 10 mm and much smaller than that of the 
other components such as a movable mask. 

RESULTS 

Effect of Installed HOM Damper 
Two pairs of the winged dampers were installed into 

the LER in 2002 as a test putting a block of four movable 
masks (two horizontal-type and two vertical-type) 
between each pair. The schematic locations of the HOM 
dampers (Damper 1 - 4) and movable masks are shown in 

3.5       4       4.5 
Frequency [GHz] 

Figure 3: S parameters of winged HOM damper. 

Fig.4. The distances between a pair of dampers and 
between two blocks are about 25 m and 50 m, 
respectively. Since the pump ports are at the bottom of 
beam chamber, the wings were placed vertically and near 
the horizontal mask as shown in Fig.2. 

The powers absorbed by each HOM dampers at the 
beam current of 1.4 A are written down also in Fig.4 and 
the total power was about 11 kW. The total loss factor of 
four horizontal movable masks is about 2.4 V pC"' and the 
corresponding energy loss is about 40 kW. Two pairs of 
HOM dampers, therefore, absorbed about 20 % of the 
power generated at four horizontal masks although the 
absorbed power in each HOM damper was somewhat 
scattered. Be careful that the power estimated from loss 
factor should include the whole HOM and the absorption 
rate for the TE mode like HOM will be higher. 
Measurements and identifications of modes in the beam 
chamber by carefiilly inserted antenna or experiments by 
rotating the winged HOM dampers may help the more 
accurate estimation. 

After the installation, the temperatures of bellows just 
outside the paired dampers were measured. The 
temperature rises reduced to a half (from 33 °C to 16 °C) 
at the beam current of 1.3 A. The remained temperature 
rise of bellows should be due to the HOM that cannot be 
absorbed by the installed HOM dampers with vertical 
wings. The abnormal pressure rise near the mask was also 
disappeared outside of the HOM dampers even at 1.5 A. 

Distribution of Absorbed Power 
Although the effectiveness of the HOM damper was 

demonstrated, there was an interesting phenomenon on 
the distribution of the absorbed powers. As shown in 
Fig.4, the absorbed HOM power of the HOM dampers at 
downstream side of a block of masks (Damper 2 and 4, 
Z)-dampers here after) are larger than that at upsfream side 
(Damper 1 and 3, [/-dampers) by a factor 2. This 
tendency has been also recognized by the range showing 
abnormal pressure rise. 

To investigate the imbalance of the absorbed power, the 
simulation was performed using MAFIA code.   Figure 5 
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Figure 4: Locations of four HOM dampers (Damper 1-4) and movable masks in the ring, where "H" and "V" 
means the horizontal and vertical-type movable mask, respectively. The each absorbed power is that at 1.4 A. 

movable masks, / = 130 mm, the larger absorbed power at 
D-Dampers is reasonable qualitatively. 

Quantitatively, however, there is still some discrepancy. 
The calculated ratio of D-<B^> to U-<B^> for the 
present mask size is larger than that of absorbed powers in 
D- and U- Dampers. One possible explanation of the 
observed small power imbalance between U- and D- 
Dampers is that the HOM excited other than the movable 
masks contributes the absorbed power. Further 
investigations should be required. 
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Figure 5: Intensity of axial magnetic field at 
downstream and upstream side, D-<B^ and U-<B^>, 
and the loss factor, k, as a function of the ramp length, 
/ [mm], of a trapezoidal HOM source as sketched in 

the figure. 

shows the relative intensities of the axial component of 
magnetic filed at downstream and upstream side, D-<B^> 
[a.u.] and U-<B^> [a.u.], and the loss factor, k [V C'], as 
a function of the ramp length, / [mm], of a trapezoidal 
HOM source as sketched in the figure (10 mm bxmch 
length). The   trapezoidal   HOM   source   is   used 
considering the actual shape of a mask head [9]. The 
average intensity <B^> is the square of axial magnetic 
fields monitored at just near the side wall of beam duct 
(see the sketch in Fig.5) and averaged in the frequency 
range from 1 to 10 GHz. The distance between 
monitoring points and the source is 1 m. The <B^> can 
be regarded as a value in proportion to the intensity of TE 
mode like HOM. 

As shown in the figure, the ratio of £)-<5/> to f/-<5/> 
is almost same if the ramp length is comparable to the 
bunch length. As increasing the ramp length, however, 
the ratio of £>-<£/> to U-<B^ becomes larger. The 
higher TE mode like HOM intensity at downstteam side 
of a trapezoidal HOM source may be explained by an 
interaction between the excited HOM at ramps and the 
passing bunched beam.    Considering the actual size of 

OF  THE 
KEKB", 
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CONCEPTUAL DESIGN OF VACUUM SYSTEM FOR SUPER KEKB 

Y.Suetsugu*, K.Shibata, K.Kanazawa, KEK, Tsukuba, Japan 

Abstract 
Conceptual design of the vacuum system for the 

upgrade of KEKB (Super KEKB) is presented. For its 
large storage current, the synchrotron radiation (SR) 
power is miich higher than ever before. The beam 
chamber will have an ante-chamber structure to reduce 
the irradiated SR power density. To accommodate the 
intense higher order mode (HOM) arising from the short 
bunch length, the carefiil R&Ds are required for bellows, 
movable masks (collimators), HOM absorbers and so on! 
The first step of R&D has just begun using the KEKB. 

INTRODUCTION 
The luminosity goal of the Super KEKB is 100 nb'' s"', 

ten times higher than that of KEKB. Main parameters 
related to the vacuum system of the Super KEKB are 
listed in Table 1 [1]. The most important feature is the 
high storage currents, 9.4 A and 4.1 A for the Low Energy 
Ring (LER) and the High Energy Ring (HER), 
respectively The synchrotron radiation (SR) intensity, 
therefore, becomes much stronger than ever before. The 
major issues of the vacuum system consequently come 
from the intense SR. Another notable feature is the short 
bunch length, 3 mm, to relieve the hourglass effect at the 
collision point. That leads to severe impedance and 
heating problems for various vacuum components. 

BASIC DESIGN 

Structure of Beam Chamber 
An ante-chamber scheme will be adopted for the beam 

chamber. A conceptual structure of the ante-chamber for 
the HER is shown in Fig. 1 [2]. The ante-chamber 
consists of two channels, one is for the beam and another 
is for the SR. The SR hit the sidewall at far side of the 
ante-chamber.   Since the irradiated point of SR at the side 

Table 1: Vacuum related main parameters of Super 
KEKB.   The parentheses are those for the KEKB. 

LER (e-)       HER (e'^) 
Goal Luminosity [nb"' s''] 
Energy [GeV] 
Beam Current [A] 
Bunch Length [mm] 
Bunch Number 
Bending Radius [m] 
Aperture [mm]  
Total SR Power without Wigglers 

JMWJ 
Max. Line Power Density of SR* 

. JkW m' ] {present chamber} 
Criticariner^ofSRfeV] 
Ave.   Photon  Density  [photons 
m-'s-'] {C = 2200 m} 
Ave. Gas Load [Pa ^Sg-Tj^j^^ij 
{rj =lE-6 molecules photon"'} 

Figure 1: Typical structure of ante-chamber (HER). 

* Using present single beam chamber. 

wall goes far from the emitting point, the input SR power 
can be diluted. In the present ante-chamber design, the 
maximum power density at the side wall is 40 W mm'^ 
(LER), which is about 30 % of that expected for the 
existing chamber and almost same as that of the present 
one [3,4]. The photon stop scheme will not be realized 
due to the high concentrated power. 

For the HER (e*), the electron cloud instability [5] is 
aother major problem. The electrons, at least the seeds of 
the electron cloud, are mainly provided by the 
photoelectrons emitted from the inner surface irradiated 
by the SR. To avoid the problem, therefore, the ante- 
chamber scheme is also suitable for HER. Some 
additional measures will be prepared to suppress the 
photoelectron yield, such as the saw-tooth structure on the 
surface of sidewall [6]. Appling the external magnetic 
field by solenoids or permanent magnets are also 
considered, which has been working successfiiUy in the 
KEKB [7]. 

Material of Beam Chamber 
Copper should be the most suitable material for the 

beam chamber for its high thermal strength, the high 
electrical conductivity and the relatively low 
photoelecfron yield [3]. Lots of experiences on the 
copper chamber have been accumulated in the KEKB, 
such ^ the welding method and the cleaning procedure! 
Aluminium may be another candidate. The manufacturing 
and welding is easier than copper, but the thermal 
properties is inferior to copper. Aluminium will be used 
only for special and complex chambers. 

yusuke.suetsugu@kek.jp 
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Pumping Scheme 
The aimed pressure dxiring the operation is on the order 

of 10'^ Pa. The low pressure is necessary to reduce the 
background noise in the particle detector rather than to 
ensure the sufScient beam life time. The linear pumping 
speed of about 0.1 m^ s'' m'' is required assuming the 
photo-desorption rate, rj, of 1x10"* molecules photon' 
(Table 1). A distributed pumping scheme should be 
adopted and the pumps will be a combination of the strip 
type NEG pumps and the ion pumps as the present KEKB 
[3]. The pump ports are top or bottom of SR channel as 
shown in Fig.l to reduce the impedance of beam channel 
and to evacuate effectively the desorbed gas. 

Connection of Beam Chambers 
The Helico-flex gasket has been working well in the 

KEKB as an RF-bridge between flanges [4]. For the 
Super KEKB, however, the impedance of that (~1 V nC"') 
will be a problem due to the short bunch length and its 
large quantity. The number of flange connections will be 
limited as much as possible. Instead, the welding in situ 
will be used to a large extent. 

The heating of bellows chambers [8], usually installed 
between adjacent beam chambers, due to HOM will be a 
serious trouble. The heating has been actually observed 
already at the present KEKB [4]. The impedance of steps 
at the RF shield structure (-10 V nC') will be also a 
problem for its large amount. Removing the bellows and 
connecting the adjacent chambers directly by welding in 
situ may be one countermeasure [2,9]. If the temperature 
of beam chamber is well controlled, the thermal stress 
would be tolerable. Remaining crucial problems, 
however, are how to absorb the errors of alignment or 
manufacturing, and how to fit the welding plane. For the 
Super KEKB, therefore, the bellows chamber with a new 
RF-shield structure, which will have higher thermal 
strength and lower impedance than before, is studied now 
as described below. 

HOM Damper 
In the Super KEKB, the current is so high and the 

bunch lengfli is so short that intense HOM can be 
generated at various kinds of vacuum components. The 
intense HOM leads to excess heating or abnormal 
discharge of those. To avoid these troubles, the HOM 
absorbers will be indispensable in the Super KEKB. The 
R&D has started using KEKB as presented below. 
Reduced HOM design should be widely adopted for 
vacuum components at the same time. 

Movable Masks 
To protect the detector from damages by spent particles 

and to reduce the background noise, the movable mask 
(collimator) system will be equipped in the ring. The 
chamber-type movable masks, which has a trapped-mode 
free structure, have been installed to the KEKB and 
working almost well [10]. The major problems expected 
in the Super KEKB are grooves generated on the mask 

Mask Chamber 

Bellows Chamber 

SiC 

HOM Damper 

Figure 2: A set of movable masks combined with 
HOM dampers. 

head and the excess heating of bellows just near the mask, 
which have been already experienced in the KEKB 
[4,7,10]. 

The grooves at the mask head are now understood as a 
resuh from the attack of abnormally steered beam. An 
effective way to avoid the generation of grooves is to use 
the light material as a mask head such as carbon or 
beryllium wdth a minimal length. The safe and rapid 
beam abort system using the beam orbit or the beam loss 
monitor will also help the damage of mask head. 

Heating due to the HOM will be relieved combined 
with HOM damper described above. A schematic picture 
of a future movable mask is presented in Fig.2. 

R&D PLANS 

Ante-Chamber 
A proto-type ante-chamber made of copper had been 

installed in the KEKB LER in 2001. Any severe 
problems have not been observed during the operation up 
to the stored current of 1.4 A. The number of electrons in 
the beam channel was found to decrease to about 1/7 of 
the case for usual single beam chamber without special 
coating inside [2]. The reduction of the electrons in the 
beam channel by the ante-chamber structure was verified. 
The external magnetic field was also foimd to be effective 
to reduce the electrons in the beam channel, that is, the 
electrons further decreased to 1/2 by applying the 
solenoid field of about 50-G 

The second trial model of the ante-chamber with almost 
the same design for the Super KEKB is now under 
manufacturing and will be installed in the KEKB LER in 
2003. The SR hit the sidewall of the SR channel instead 
of photon stops. The saw-tooth structure is formed on 
the surface of sidewall. The thermal properties and the 
reduction of the electrons in the beam channel will be 
studied again. 

HOM Damper 
A winged HOM absorber chamber (HOM damper) was 

newly designed and the trial model was installed near the 
movable masks of the KEKB LER, where the heating of 
pump elements due to the HOM generated at mask heads 
has been observed [11].  The design is based on the HOM 

807 



Proceedings of the 2003 Particle Accelerator Conference 

12 

10 NewRF-Shield 
Usual RF-Shield 

(1 mm step) 

Figure 3: Comb-type RF-shield structure. 

absorber successfully applied for the KEKB ARES cavity 
system [12]. The long narrow slots in the beam direction 
(20 mm X 707 mm) connects the beam chamber and the 
HOM absorber. The damper can absorb effectively the 
TE modes. The loss factor is less than 0.01 V pC"' (10 
mm bunch length) and the impedance due to the HOM 
damper is sufficiently small. The chamber has two SiC 
rods and can absorb the HOM power up to 10 kW. In the 
autumn run 2002, two pairs of HOM damper is installed 
putting four movable masks inside of each pair. The 
absorbed power per one damper was about 3 kW. The 
pressure rise due to the heating of pump elements was 
disappeared and the heating of bellows near masks are 
also suppressed effectively.   The study will be continued. 

Bellows Chamber 
Recently a new RF-shield structure for bellows 

chambers is proposed as shown in Fig.3 [13]. The RF- 
shield is not a finger-type as usual but the comb-type. At 
the initial design, a tooth has a width of 1 mm and a radial 
thickness of 10 mm. About 100 teeth surround the inner 
surface of LER beam chamber. Gap between each nested 
tooth is 0.5 mm. The thermal strength of the shield is 
much higher than before. The new RF-shield structure 
has a lower loss factor compared to the conventional one 
(1 mm step at inner wall) as indicated in Fig.4. The 
R&D of the RF-shied has just started and test bellows 
chambers will be installed in KEKB LER this summer. 
The RF-shield structure can be applied for that of gate 
valves. 

REMAINING ISSUES 
The following are the issues to be considered or studied 

in the future; (1) Design of the beam chambers at the 
interaction region. The design should take into account 
the aperture, the impedance, the SR mask and the 
effective pumping scheme. (2) Impedance estimation of 
various vacuum components, such as the tapers, the 
pumping slots and so on.    (3) Radiation shielding.   Lead 

for (>94 mm beam chamber 

B      6 

5 6 7 8 

Bunch Length [mm] 

Figure 4: Loss factors for new and conventional RF- 
shield (1 mm step) as a fimction of bunch length. 

shielding around the beam chamber may be necessary. 
(4) Alignment and supports of beam chambers. (5) Abort 
system. A rapid and safe beam abort system is required. 
(6) Alarm system. The flow rate of cooling waters and 
the temperatures of these components should be kept 
watching any time. 
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VACUUM SYSTEMS RENEWAL FOR THE PF-AR UPGRADE 

Y. Tanimoto*, T. Uchiyama, T. Nogami, Y. Hori 
KEK, Tsukuba, Japan 

Abstract 
The Photon Factory Advanced Ring (PF-AR) at the 

High Energy Accelerator Research Organization (KEK) 
was upgraded to improve performance [1]. Vacuum 
systems were almost thoroughly redesigned and renewed 
to realize longer beam lifetime, higher stored current, and 
more reliable operation. Replacement of vacuum 
components was carried out in 2001. And the 
commissioning started in January 2002. After one-year 
operation, the beam lifetime grew 7 times longer than that 
of the former PF-AR. 

INTRODUCTION 
Originally constructed in 1984 as an 8GeV electron- 

positron booster injector for the TRISTAN main ring, the 
PF-AR became a 6.5GeV dedicated light source after the 
TRISTAN experiments ended in 1995. The PF-AR 
vacuum systems, however, were not satisfactory for a 
synchrotron light source, and therefore limited the beam 
lifetime to several hours and also the peak operating 
current to 40mA. In addition, frequent maintenance of 
pumps and cables were being required because of their 
breakdowns caused mainly by radiation. 

In the PF-AR upgrading project, the vacuum systems 
were designed to meet the following requirements: 
• Sufficiently low vacuum pressure (<5xl0"'Pa) to realize 
the beam lifetime of more than 10 hours with a 6.5GeV- 
100mA single-bunch beam stored 

• Thermal tolerance for a 6.5GeV-100mA beam load 
• Adaptation for new devices, such as beam position 
monitors, steering magnets, insertion devices, and SR 
(Synchrotron Radiation) beam lines 

• Unification of vacuum control system into the EPICS 
[2] 

Table 1: Ring and Vacuum Systems Parameters 
[ 1 ; objective 

Beam Particle Electron Duct Material OFHCCu 
Beam Energy 5.0-6.5 GeV 

Flange Seal Racetrack-shaped 
Al Helicoflex Injection Energy 2.5-3.0 GeV 

Beam Current 55[1001mA 
Single Bunch Vacuum 

Pumps 

TSPxl85 
DIP X 56 

Beam Lifetime 501601 Amin SIP X 33 
Horizontal 
Emittance 260[I60]nmrad 

TMPx9 
Total Effective 
Pumping Speed 

600001/s 
(forNj) Circumference 377.3 m 

Magnetic Radius 23.7 m VacuumGauges CCG X 80 
Bending Magnets 56 Gate Valves 18 

Critical Energy 26keV Bellows 150 

Radiated Power 666 kW 
@6.5GeV100mA 

Thermometers RTD X 190 
Vacuum 

Control System 
EPICS-based 

I/F: CAMAC+PLC Average Pressure lE-5[5E-6i Pa/A 

These requirements involved drastic replacement of 
almost thorough vacuum components, for instance, beam 
ducts, vacuum pumps, vacuum gauges, thermometers, 
cooling water system, compressed air system, and their 
control system. 

VACUUM PUMPS 
The beam lifetime of the PF-AR is determined by ring 

average pressure because the mam process of beam loss is 
bremsstrahlung. As the result of calculations of pressure 
distributions in arc sections, 168 TSPs (Titanium 
Sublimation Pumps; 300 1/s each) and 56 DIPs 
(Distributed Ion Pumps; 200 1/s each) were adopted as 
main pumps. And also 17 TSPs and 33 SIPs (Spatter Ion 
Pumps; 100-400 1/s each) were adopted in straight 
sections. Then the available pumping speed in the whole 
ring was estimated at 60000 1/s, and current-normalized 
pressure would be 5xlO"*Pa/A (CO equiv.) when the PSD 
(Photon-Stimulated Desorption) coefficient (TJ) reached 
1x10"'molecules/photon. In this case, the product of the 
beam current and the lifetime (/T) was expected to reach 
60Amin(=100mAxlOh). 

Nine rough pump systems are placed along the ring, 
but during the accelerator operation they are separated 
from ring vacuum by valves. 

BEAM DUCTS 
From the viewpoint of thermal tolerance and radiation 

shield capability, OFHC copper was adopted as the 
material of main beam ducts. Thickness of the beam ducts 
is basically 6mm, which has almost the same shield 
capability as former 4mm thick Aluminum alloy ducts 
and 1mm thick lead sheets. The beam ducts are equipped 
with SR absorbers and cooling water channels to absorb 
the SR power load (4.5kW/m@6.5GeV-100mA in the 
bending region). Stainless steel bellows and flanges have 
less thermal conductivities, and are protected by the 
absorbers. Aluminum-oxide dispersion strengthened 
copper is also used for the photon absorbers at heavy load 
positions. Typical configuration of the beam ducts in the 
arc sections is shown in Figure 1. Each arc section 
consists of a series of these ducts. 

SR absorber (slit) 

steering mag B-mag 

I  

#y asunori.tanimoto@kek.jp Figure 1: Typical Configuration of Beam Ducts 
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Outgassing process by thermal baking (150°C, 48hours) 
was performed on the beam ducts prior to the installation 
for the purpose of the reduction of an initial gas load and 
the verification of their vacuum properties. 

Special implements were necessary to install the beam 
ducts into the bending magnets because they had to be 
inserted from outside of the existing bending magnets 
under spatial restrictions. 

VACUUM GAUGES 
About 80 CCGs (Cold Cathode Gauges) are used for 

the ring vacuum monitoring. Thermal cathode ionization 
gauges, the most suitable gauges for the pressure 
measurements in the upgraded vacuum systems, were not 
employed because of the possible radiation damage to 
their controllers and the restriction of the budget. On the 
other hand employing CCGs alleviates these difficulties, 
but ordinary CCGs have instabilities in the measurements 
of ultra high vacuum. Then we tested the magnetically 
improved CCGs that hold the Penning discharge even in 
the 10"*Pa range, and acquired calibration data with a pre- 
calibrated B-A gauge (Figure 2a). Fabricating CCG 
controllers using the calibration data enabled the reliable 
measurements in the lO^Pa range (Figure 2b). 

10"' 

10- 

10" 

O 10 
U 

:   iio-' 
10-^ 10' 10' IQ-' 10-= 10" lo' 10"' 

BAG (Pa) 
Figure 2a: CCG Calibration with Prototype Controller 
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Figure 2b: CCG Calibration with Final Version 
Controller 

VACUUM CONTROL SYSTEM 
Vacuum control system was unified to the EPICS, 

which had already been adopted as the KEKB and the 
injector linac control system and was newly adopted as 
the PF-AR control system [3]. In the new vacuum control 
system, all of the vacuum devices except for the rough 
pumps can be controlled and monitored remotely on X 
terminals (Figure 3 as an example). Network connected 
CAMAC and PLC are used as the interfaces between the 
controllers of vacuum devices and the EPICS (Figure 4). 
PLC is also used for the vacuum interlock system. 

sw 
Cunrajt 
lifetime 
Energj' 

NW NE SE        "    '■■ 
30.2 mA Pav 4.07e-07 Pa <-„«., 
1688 mln tote. Cur.       93.491 Ahr 

6.5 GeV I*tou 51.0 Amin 

Figure 3: Ring Pressure Monitor Panel 

CCG. DIP. SIP, TSP. CV. Water Flow Detctlw. Thirmomna. C<»n>. Air S«nso>. Beam Stopper 

Figure 4: Diagram of Vacuum Control System 

COMMISSIONING AND OPERATION 
The commissioning of the upgraded PF-AR started in 

January 2002. Figure 5 shows the growth of the beam 
lifetime and the decrement of the ring average pressure. 
The beam lifetime as /T has grown up to SOAmin, which 
is 7 times longer than that of the former PF-AR. Injection 
energy was raised from 2.5GeV to 3.0GeV in September 
2002. 
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of the pumping ability in the straight sections would be 
effective to lower the ring average pressure. 

10' 

10'^   -s a. 

10-^    I 

10" 

10"' 
0.1        1 10      100    1000 

Integrated Current (A-h) 
Figure 5:Progress of Ducts Self Cleaning and Growth of 

Beam Lifetime 

Peak operating current has increased gradually, and 
currently reached 55mA. Operators inject the beam three 
times a day on schedule if neither a serious lifetime drop 
nor a sudden beam dump happens. Although the 
frequency of sudden lifetime drops is decreasing, this is 
one of the unsolved problems in the PF-AR operation. 

While the growth of the beam lifetime seems ceasing, 
even longer lifetime is expected if lower pressure will be 
achieved. Because Figure 6, the relationship between the 
ring average pressure and the beam lifetime, indicates that 
the beam lifetime is currently being limited by the beam- 
gas scatterings (inversely proportional region), not by the 
Touschek effects (flat region). 

1000 
Eb=6.5GeV Jan. 8, 2002 - Feb. 28, 2003 

0.01 
10"'        10"*        10"^        10"*        10"'        10"^ 

Pav/I (Pa/A) 

Figure 6: Relationship between Pressure and Lifetime 

Figure 7a and 7b show the progress of the vacuum 
ducts self cleaning in the arc sections and the straight 
sections respectively. It is obvious that the pressures in 
the straight sections are dominant for the ring average 
pressure and seem still decreasing slowly. Reinforcement 

Arc Sections 
Jan. 8,2002 - Feb. 28, 2O03 

^ 

0.0001  0.001     0.01       0.1 1 10       100     1000 

Integrated Current (A-h) 

Figure 7a:Progress of Ducts Cleaning in Arc Sections. 

Straight Sections 
  Jan. 8,2002 - Feb. 28,2003 

0.0001  0.001     0.01       0.1 1 10       100     1000 

Integrated Current (A-h) 

Figure 7b:Progress of Ducts Cleaning in Straight Sections 

SUMMARY 

The PF-AR vacuum systems had been upgraded and the 
commissioning and the operation started successfully. 
After one-year operation, the beam lifetime grew 7 times 
longer than that of the former PR-AR. Although the peak 
operating current is Umited to 55mA, the required 
performances in vacuum systems have almost been 
achieved. 
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RE-CIRCULATING LINAC VACUUM SYSTEM* 

R.P. Wells, J. N. Corlett, A.A. Zholents, LBNL, Berkeley, California 94720, USA 

Abstract 
The vacuum system for a proposed 2.5 GeV, 10|xA re- 

circulating linac synchrotron light source [1] is readily 
achievable with conventional vacuum hardware and 
established fabrication processes. Some of the difficult 
technical challenges associated with synchrotron light 
source storage rings are sidestepped by the relatively low 
beam current and short beam lifetime requirements of a 
re-circulating linac. This minimal lifetime requirement 
leads directly to relatively high limits on the background 
gas pressure through much of the facility. The lOpA 
average beam current produces very little synchrotron 
radiation induced gas desorption and thus the need for an 
"ante-chamber" in the vacuum chamber is eliminated. In 
the arc bend magnets, and the insertion devices, the 
vacuum chamber dimensions can be selected to balance 
the coherent synchrotron radiation and resistive wall 
wakefield effects, while maintaining the modest limits on 
the gas pressure and minimal outgassing. 

INTRODUCTION 
The baseline electron beam current is 10 jiA 

(InC/bunch at lOkHz) at an energy of 2.5GeV. However, 
to allow for potential upgrades to the design, the vacuum 
system is designed for 30 nA at 3.1 GeV. The bunch 
length is compressed from 20 ps at the cathode to 2 ps at 
the exit of the arc connecting the pre-accelerator to the re- 
circulating linac (Arc 0). The 2 ps bunch length is then 
held constant throughout the re-circulating sections. Note 
"Arc" as used throughout this section refers to entire 
circulation path at a given energy, straight sections as well 
as arcs at the ends of the straight sections. This present 
study considers the vacuum issues associated primarily 
with the bend sections of the lattice. The vacuum 
requirements of the electron gun, linac, undulators and 
beamlines will be addressed in future studies. 

The design of vacuum systems for synchrotron 
radiation sources must consider several possible physical 
processes to establish the allowable background gas 
partial pressures and chamber dimensions including; 

• Beam loss due to interaction with background gas by 
o inelastic scattering of the beam by gas nuclei and 
o   large angle elastic scattering by gas nuclei. 

• Energy loss, resulting in longitudinal emittance 
growth due to coherent synchrotron radiation (CSR) 

• Transverse emittance growth due to resistive wall 
wakefields 

To reduce the effects of CSR, the vacuum chamber 
aperture is reduced to shield against emission of longer 

wavelength radiation [2,3]. This has the effect of 
producing a higher cut-off firequency for the radiation 
propagating within the vacuum chamber and may be 
selected to narrow the fi'equency spectrum of coherent 
emission fi'om a bunch. The coherent radiation emission 
process is then effectively suppressed. The CSR effect is 
present only in the bend magnets, and a larger aperture 
may be employed elsewhere. 

The resistive wall wakefield generated by the electron 
beam traveling in a vacuum chamber of finite 
conductivity, is proportional to the chamber length and 
inversely proportional to both the square root of the 
chamber's electrical conductivity and the cube of the 
chamber's half-height. The resistive wall effect therefore 
has implications on the choice of vacuum chamber 
material, the minimum chamber height and the location 
tolerance of the chamber with respect to the beam axis. 

The final chamber geometry, and most importantly the 
chamber inner height, will be determined by selecting an 
appropriate compromise between reducing CSR effects, 
resistive wall effects, and beam loss due to coUisional 
scattering with background gas. An example of this 
compromise is the plot of the CSR energy loss and 
transverse resistive wall distortion as a function of 
chamber height shown in Figure 1. These affects are 
different for each beam pass due to the different beam 
energy and magnet bend radii, the optimal chamber height 
is therefore different for each arc. From an analysis of 
collective effects [2,3] a minimum vacuum chamber 
height of between 7 and 9 mm is indicated. 

PO.M \ distortion 
 CSR energy loss V 

\  

\     '' 

, "V 
"^~^^^-~—-——-_ 

13 15 17 
Chamber height, nun 

Figure 1. Comparison of energy loss due to CSR and 
beam distortion firom resistive wall effects. 

Since the actual combined collective effects is still under 
study, the selected beam chamber heights are preliminary 
estimates only. 

Na DE-ACO^'^?6SFo'3o98 ^'^' ^^'^^'^^^ of Energy under Contract 

0-7803-7738-9/03/S17.00 © 2003 IEEE 812 



Proceedings of the 2003 Particle Accelerator Conference 

BEAM LOSS 
In storage ring type synchrotron light sources, beam- 

gas scattering may be one of the prune limitations on 
beam lifetime and hence allowable backgroimd gas 
pressures. The beam lifetime requirement for the re- 
circulating linac configuration is extremely modest due to 
the relatively small, 900 meter, total path length (or 
equivalently, ~3|is time of flight). 

Charged particles passing through matter become 
deflected by the strong electric fields of the nucleus. This 
deflection constitutes a transverse acceleration of the 
particle and results in a loss of energy through 
Bremsstrahlung radiation. If the energy loss exceeds the 

energy acceptance of the accelerator, 5acc. the particle is 
lost. Following the methodology of Wiedemann [4] and 
assummg a conservative energy acceptance fi-action of 5acc 
= 0.001, the Bremsstrahlung lifetime for residual gas 
pressures firom lO"* to 10'* Torr is 0.8 - 8,000 seconds. 
While admittedly short by storage ring standards, this is 
well in excess of re-circulating linac requirements 

An electron passing through backgroimd gas may also 
experience an elastic collision (Coulomb scattering) that 
causes an angular deflection large enough to give the 
particle a betatron oscillation amplitude larger than the 
limitmg physical or dynamic aperture of the accelerator. 
For planning purposes, and to be consistent with the 
collective beam effects discussed above, a limiting 
physical rectangular aperture of 9mm high by 40mm wide 
was assumed. In accordance with good practice, we 
assume that the dynamic aperture will exceed the physical 
aperture throughout the accelerator. 

For the present study, an average betatron function in 
the bend sections of 30 m was selected based on 150% of 
the MAD output for the lattice. A "worst-case" local 
betatron fimction of 90 m was selected based on the 
highest value found anywhere in the lattice. The beam 
lifetime and consequently the beam loss was calculated 
using the equation for a rectangular aperture from Tumer 
[5]. Beam losses of less than 0.1% are expected at average 
pressures up to 2 x 10"* Torr. Commensurate with the 
modest beam losses, the power deposition on the vacuum 
chamber due to scattering is relatively insignificant for 
residual gas pressures as high as 10"' Torr. 

VACUUM SYSTEM LAYOUT 
The vacuum system must accommodate the magnet 

lattice as well as the various collective beam effects. 
With the exception of the first arc and the spreader 
regions, the lattice consists primarily of identical dipole, 
quadrupole and sextupole magnets. Pole gaps in the 
dipoles are 30 mm (full height) while the diametric 
clearance of the quadrupoles and sextupoles is greater 
than 60 mm. These magnets set the maximum external 
dimensions of the beam tube throughout the accelerator. 
Collective beam effects dictate the inner height of the 
vacuum chamber withm bend magnets. 

As with any vacuum system, the pressure is 
determined   by  the   amount   of gas   introduced,   the 

conductance of the gas to the pumps and the pump speed. 
The gas load is a product of thermal outgassing and 
photon induced desorption. 

The amount and mixture of gas liberated from the 
vacuum wall is a fimction of the material selected and its 
preparation. For the purposes of this study, a vacuum 
baked (150°C-24 hrs.) aluminum beam tube and "conflat" 
type metal sealed fittings are assumed. 

The proposed vacuum system consists of an extruded 
rectangular beam tube in the bend magnet locations 
transitioning to a circular tube in the straight sections. 
The internal height of the rectangular tube may vary with 
each arc as determined by collective effects described 
previously. The beam tube is connected periodically to a 
large diameter aluminum pipe that serves as a pumping 
manifold. A series of modular cryosorption pimips are 
distributed along the manifold to provide the primary 
pumping. A small number of turbomolecular pumps 
backed by oil-fi-ee roughing pxunps will provide the initial 
system vacuum and cryopump regeneration. 

The proposed system contains several variables that 
can be optimized based on the conditions within a given 
region of the accelerator. These variables include the 
width of the beam tube, spacing between manifold-beam 
tube connections, manifold diameter and cryopump 
spacing. While each portion of the accelerator section 
will behave differently, of primary concern are the bend 
magnets where gas production is the greatest and gas 
conductance is the least. 

OUTGASSING 
The equations derived by Mathewson, et.al. [6] were 

used to calculate outgassing rates due to synchrotron 
radiation. Gas is desorbed from the beam tube surface by 
thermal processes and by synchrotron radiation induced 
photoelectrons. The number of photoelectrons produced 
per meter of vacuum chamber range from zero in the 
injection arc to 6 x lO'"* in the final arc. Calculated gas 
desorption rates, using species specific desorption 
efficiencies [7], r\, are shown in Table 1. 

Table 1. Desorption rates per meter of beam tube. 

Qpe (Torr-liter/sec-m)                      | 
Gas 1 ArcO Arc1 Arc 2 Arc 3 Arc 4 

H2 0.1 - 1.9x10-6 2.3x10-6 3.1x10-6 3.3x10-6 
CO 0.03 - 5.8x10-7 6.8x10-7 9.2x10-7 1.0x10-6 
CO2 0.025 - 4.8x10-7 5.7x10-7 7.6x10-7 8.3x10-7 
CH4 0.008 - 1.5x10-7 1.8x10-7 2.4x10-7 2.7x10-7 
Total 3.1x10-6 3.7x10-6 5.0x10-6 5.4x10-6 

The power deposition on the vacuum ttibe wall from 
synchrotron radiation, estimated from emission of an 
electron beam in imiform circular motion [8], is 5.4 x 10'^ 
W/cm with a negligible peak flux is of 0.5 W/cm^. 

The quantity and composition of thermally desorbed 
gas is substantially altered by a moderate vacuum bake- 
out in aluminum systems.   After baking the amount of 
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thermal outgassing is more than 6,000 times smaller than 
synchrotron radiation induced desorption. 

GAS PRESSURE PROFILE 
The most difficult pumping conditions are present in the 

arc sections due to the limited gas conductance and the 
synchrotron radiation induced gas load. The pumping of 
the straight sections is relatively straightforward in 
comparison and is not considered in this study. Given the 
assumption of a discretely pumped system, a rational 
configuration would include widely spaced pumps, a 
manifold sized to be consistent with the pump size and a 
limited number of beam tube penetrations. A system that 
meets the criteria consists of CTI-8 cryopumps centrally 
located on a 10 m span of 20 cm diameter manifold. 
Short, 30 cm long by 5 cm diameter tube and bellows 
assemblies connect the manifold to the beam tube. A 
representative section of the system is illustrated in Figure 
2 and shown schematically in Figure 3. 

Beam Tube 

Vacuum valve 

Cryopun^ 

Floor 

Figure 2. Section of Arc 4 vacuum system. 

In addition to the outgassing rate, the pressure in the 
beam tube is a function of the gas conductance and pump 
speed. For ease of computation, gas evolved fi-om the 
beam tube, connector tubing and manifold is treated as a 
single continuous distributed source along the length of 
the manifold. The conductance of the cyhndrical tubing 
was calculated using Santeler's [9] correction to the 
common formula for a circular tube in rnolecular flow. 

Linr^ of szi'n.yn^try 

Figure 3. Schematic of a typical vacuimi system section. 

The pressure at the connecting tube entrance, P2, is 
determined by adding the pressure differential fi-om gas 
flow through the connecting tube to the maximum 
pressure in the manifold, PI. The peak pressure in the 

beam tube, P3, is found by adding the maximum pressure 
increase along the beam tube, between connectors, to the 
pressure at the connector entrance, P2. The conductance 
of the beam tube is calculated using the equation fi-om 
Roth [10] for a long rectangular tube of uniform cross 
section. 

The plot shown in Figure 4 is an approximate pressure 
profile of the Arc 4 beam tube derived by applying the 
methodology used to find pressures P1-P3 to the other 
analogous positions along the beam tube and then 
applying a parabolic profile between them. By inspection, 
the average pressure along the path of the beam is 3 x 10'' 
Torr. This residual gas pressure compares favorably with 
the pressure of- 10"* Torr required to limit beam losses 
from scattering to 0.1 %. 
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4.E-07 

3.E-07 

l.E-07 

■Beam Tube, Arc 4 

■ Manifold, Arc 4 

O.E+00 - - 

0 2 3 
Distance, m 

Figure 5. Pressure profile along a representative portion 
of the Arc 4 beam tube. 
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IMPROVEMENT OF THE STORAGE RING UHV SYSTEM OF NSRL 

Y. Wang, W. Wei, F. Y. Zhao, J. P. Wang, D. M. Jing, L. Fan, C. Y. Guan, 
Guanyuan Wu, National Synchrotron Radiation Laboratory, University of Science and Technology 

of China, Hefei, Anhui 230029 P. R. CHINA 

Abstract 
NSRL storage-ring has been operated for fourteen 

years, The typical life time is 600 mins at 200niA and 
SOOMeV. The new injection ceramic chamber, bend 
chamber, undulator and NEG pumps were installed, new 
vacuum measure and control system was debugged in 
2002 summer, as part of NSRL phase n project to 
enhance the quality, stability and long-term reliability. 
The average pressure of storage ring is better than 2E-8 
Pascal after 48 hour large current direct backout and 48 
hour ion pimips operation, this better vacuum can benefit 
the phase n project's object, beam lifetime 600 mins at 
300mA and SOOMeV. 

INTRODUCTION 
The SOOMeV Electron Storage Ring of the National 

Synchrotron Radiation Laboratory (NSRL) is a dedicated 
VUV and soft X-ray synchrotron radiation light source. 
The construction of NSRL facility began on November, 
1983 and was completed in 1989. Its commissioning is to 
end in December 1991. The NSRL storage ring routinized 
to run for users in 1993. The typical beam lifetime of the 
NSRL stored beam was over 600 minutes at 200mA and 
800 MeV. In the summer shutdown inl999, a 6 Tesla 
superconducting wiggler magnet has been setup, so that 
the radiation of shorter wavelengths near lA is already 
available for users, and a pure permanent magnets 
Transverse Optical Klystron (TOK) have been design and 
constructed for the Storage Ring PEL (free electron laser). 
It will be used for the coherent harmonic generation 
(CHG) experiment firsdy. The experiments of 
spontaneous radiation have been carried out. The further 
more work will be continued. For these TOK chamber, 
wiggler vacuum system was install and some new 
chambers was modified to install the absorbers to protect 
the stainless steel beam ducts from wiggler magnet 
intense synchrotron radiation. Last summer the vacuum 
system of storage ring was shutdown to improve again in 
order to reach the Phase II project object of long-term 
reliability, stability and reliable operation [l].During this 
operation, the vacuum system had been exposed to air for 
45 days, after the long exposure to air, the new 
equipments of ring vacuum system was assembled and the 
whole system was baked out by passing a large cmrent 
through it. The average pressure without beam and RF 
power was 2-10-8 Pa, which is better than that before 
improvement. The operation and improvements for 
vacuum system of storage ring are presented here. 

OPERATION 
We started on the designing the UHV system of the 

NSRL in April 1983. The principal parameters for the 
storage ring vacuum system are shown in Table 1. The 
vacuum chambers of the ring were made of stainless steel 
pipes and plates (SUS3041, SUS3161). The whole system 
was baked out by passing a large current through it. The 
average pressure without beam and RF power was 
5xlOE-8 Pa. We welcomed the first synchrotron radiation 
light in April 1989. 

NSRL Storage ring UHV system has been operating for 
fourteen years. The typical beam lifetime of the NSRL 
stored beam was over 600 minutes at 150mA and 800 
MeV. The total accimiulate beam dose is about 200A-hr 
every year. 

Table 1: Main parameters of the NSRL ring 

Beam Energy [MeV] 
Beam Current [mA] 
Circumference [m] 
Bending radius [m] 
Main ion pumps [1/sec] 
Auxiliary NEG pumps [1/sec] 
Power on chamber wall [Kw] 
Average pressure [Pa] 
Dynamic pressure [Pa] 
Lifetime [hrs] 
The total beam dose [A.hr ] 

800 
300 
63.66 
2.222 
11200 
2400 
4.893 
2x10"* 
2x10"' 
>8 
> 400 (every year) 

Based on operating results, we have determined the 
experimental relation of beam dose for NSRL to be [2]: 

P/I=1.06xl0-6-D-0.61 [ Pa/mA ] 
The storage ring vacuum system had been exposed to 

atmosphere eight times due to unexpected leaks and five 
times due to controlled venting with dry nitrogen at the 
end of last year. After vacuum system baked out and 75 
A-hr of beam cleaning, The dynamic average pressure of 
general storage ring exposed to atmosphere had reached 
the design goals, and we got beam lifetime over 600 
minutes at 150mA and 800 MeV. If only SIP pumps 
baked out, the same result could be got after 100 A-hr of 
beam cleaning or more. 

We decided to make further improving performance of 
the vacuum system, so that much higher beam currents 
can be stored to reach the Phase 11 project goals of long- 
term reliability, stability and reliable operation. 

0-7803-7738-9/03/$17.00 © 2003 IEEE 
815 



Proceedings of the 2003 Particle Accelerator Conference 

VACUUM SYSTEM IMPROVEMENTS 
In machine operation, we find the pressure rise high in 

the downstream of each bending chamber when the 
storage current over 150 mA. Based on the calculation, 
about 30% of the synchrotron radiation lights irradiate on 
the downstream of each bending chamber, which can 
cause PHD (photon stimulated disabsorb) gas disabsorb, 
and the pressure rising is due to the insufficient pumping 
speed of distribute ion pump. So the first improvement 
was to increase pumping speed in that area. Because of 
the space limits, the NEG pump with less volume and 
high pumping speed in high and ultra-high vacuum is the 
best choice. The GPlOO MK4 NEG pumps made in SAES 
Getters Company of Italy were equipped in the 
downstream of every bending chamber. Each NEG pump 
has the pumping speed of is 240 1/s for Hj and 85 1/s for 
CO, and was put in the downstream of every bending 
chamber to reduce dynamic pressure difference. The 
better vacuum can do help to store much higher beam 
currents and lengthen the beam's lifetime. 

As a result of the operation of more than fourteen years, 
some welded bellows had been found to have gas leakage 
after the system had been baked for several times. So we 
use the oil pressured bellows instead of the welded 
bellows. The RF shields (Cu-Be) as the quadrate-round 
transition board between rectangle-cross chamber and 
circle-cross chamber have been used to reduce the 
impedance of bellows. The RF shield ought to keep good 
electrical contact and smooth mechanical movement. The 
vacuum impedance of new bellow chamber with RF 
shield is 3 times smaller than that of the old bellow 
chamber. [2] At the same time the new bellow chamber 
design makes it possible for us to setup NEG pumps in 
the downstream of bending chambers. 

In order to research the relation between dynamic 
pressure of vacuum system and beam lifetime and 
stability, the vacuum measure, analyses and interiock 
system has been improved. The pressure distribution of 
storage ring differs very much and the vacuum system of 
our ring uses point pumping method, so it is difficult to 
find tiny leakage of the storage ring vacuum chamber. 
Now vacuum pressure monitor points by Bayard-Alpert 
type ionizatiori gauge have been increased fi-om 7 points 
to 21 points. Compared with the history note, small 
leakage is easily to find, because the distance from gauge 
to gauge is just 3 m length, and this method is much 
easier and more accurate than concluding leakage by the 
ion current of sputter ion pump. An Industrial PC is used 
as Input/Output Controller (IOC) and it connects the 7 
Varian vacuum Multi-Gauge controllers with serial 
communication (RS485 mode). The pressure values are 
displayed in a PC with Linux, which is used as operator 
interface (OPI). The pressure values are archived in a 
database and some data analyses are also done, which is 
necessary to research the relation between dynamic 
pressure of vacuum system and beam lifetime and 
stability. 

As a goal of our machine improvement we need lower 
emittance    operation.    So    in    injection    equipment 

modification we use the thyratrons for pulse switch of 
kick power supply instead of the spark gap of the old one. 
The four ceramic chambers of kick in the same straight 
section for injection are set up instead of three kick 
chamber in the three straight section of the former 
injection scheme. Moreover, a new RF cavity and a new 
RF power supply are manufactured and installed. The 
cooling loop of the new cavity will be more reasonable 
and the frequency tuning capability will be larger than the 
old one. The RF power of the new transmitter will be 
larger than the old one. The RF cavity will provide higher 
RF voltage for a sufficient Touschek lifetime of electron 
beam, the new RF cavity is under test now. A 29-period 
gap-variable NdFeB permanent magnet undulator as an 
insertion device is being designed and installed in ring. Its 
wavelength range will be 100 to 2000 A. The brilliance is 
about 2 or 3 orders higher than that of bending magnet 
generated radiation. The undulator chamber is a quadratic 
welded chamber, the beam channel cross section is 
80x24mm and its length is 2750 mm. The straight degree 
and the plane degree of the undulator vacuum chamber is 
1 mm. The photon beam ports of the two new bending 
chambers were changed to 0 degree to provide the 
radiation from the injected devices. The photon beam port 
of Infrared and Far Infrared Spectroscopy has to be rebuilt 
to provide a much larger vertical acceptance and much 
near to the light source point. The all metal valves with 
RF shields have been installed at each end of RF cavity, 
division point of phase n and phase HI and that of phase 
IV and injection chamber, to make the future vacuum 
system maintains and components installation easier. 

PRESSURE CHARACTERISTICS AT 
PRESENT 

In the last summer shutdown, all the new vacuum 
equipment had been installed and the vacuum system 
improvement except the RF cavity had been finished. 
During the installation period the whole storage ring 
vacuum system had been exposed to air for 45 days. After 
the vacuum chamber were connect and evacuate and 
whole 
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Fig.l: Display window of NSRL storage ring vacuum measure system 

system was baked out in 200°C for 48 hrs by passing a 
large current through it, the lower static average ring 
pressure of 2xl0-8Pa without beam had been get. Figurel 
shows the distributed pressure in the beam orbit of the 
ring after improvement of the vacuum system. According 
to this picture the pressure distribution in the beam orbit is 
very small, due to the NEG pumps in the downstream of 
the bending chambers. So the improved vacuum system 
can provide the necessary vacuum environment for the 
high beam current, and its pumping speed with the NEG 
pumps is sufficient for the PHD disabsorb in the 
downstream of the bending chambers. The dynamic 
pressure has very important effects on the beam lifetime 
and it concern with the vacuum material's PHD character 
and cumulative irradiation dose. So the dynamic pressure 
of NSRL storage ring will be affected by the new 
equipment modulating and long-term stabile operation. 

CONCLUSION 
The improvement of NSRL storage ring vacuum 

system with RF shield oil pressured bellows chamber 
design has been proved to be successful by the low static 
vacuum pressure which is necessary to long-term 
reliability, stability and reliable operation. NEG pumps 
can pump the PHD gas effectively, and the four all metal 
gate valves with RF shields will benefit to the future 
maintain, new components installation and the system 
safety. 
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ADSORPTION STUDY OF AL2O3 COATING ON THE PULSE 

SEPTUM MAGNET SURFACE 

Hai-Ou Zhang,Yuan-Ji Pei^, 
Abstract 

The surface of pulse septum magnet in HLS was 
specially coated with AI2O3 powder by plasma spraying. 
It was found with such magnet in the injection vacuum 
chamber the pressure was relatively low. To investigate 
the mechanics 20 sheets of coating were made (120X80 
X 20nim), adsorption capacity was tested. Pore 
constitution was studied by N2 isotherm method. Results 
indicated ultimate pressure reduced obviously from 6.4 X 
10" Pa to 8.6 X10"* Pa. Coat adsorption capacity is about 
3.68X10"^ Pa • 1/cml BET surface area is 201mVg, Coat 
is porous and pore is closed at one end. XPS results 
indicate there are hydroxyl, carboxyl etc oh the surface, 
and they are most probably related with adsorption. 

INTRODUCTION 
HLS (HeFei Synchrotron Radiation Light Source) 

facility is a dedicated synchrotron radiation light source. 
It consists of a 200Mev LINAC and a BOOMev storage 
ring. The electron beam from transport line is injected 
into the storage ring by injection system which employs 
three kickers, a DC septum (D.S.) aiid a pulse septum 
(P.S.)f'l 

D.S. magnet produce a deflection of 22.5 ° in the 
vertical direction and PS. inagnet produce a deflection of 
6 in the horizontal direction for the coming beam. 
Electron beam goes into the vacuum chamber of the 
storage ring. Three kickers are fired and produce a 
localized bumped orbit close to the P.S. strip. The 
injection electron oscillate around the bumped orbit. In 
the following process, electron go inside the septum strip 
since the bumped orbit is contracted, so the injected beam 
run around the desired orbit. 

It is important to develop a new material to reduce its 
outgassing rate so that the PS. magnet could be directly 
mounted in the ultra-high vacuum chamber. Here a thin 
AI2O3 coating was sprayed on the surface of steel sheet 
and coil which composed the pulse septum magnet. 
With this coating in chamber pressure could reach less 
than 8X 10""'mbar after bakeout and pumped for 48 hour. 
Its electric insulation demonstrated good performance and 
magnet field undisturbed. Emittance of beam didn't get 
large. Injection efficiency increased'^'^'l 

In this paper some further study have been made to 
explore the mechanism of adsorption of AI2O3 coating. 

EXPERIMENT AND TEST 
AI2O3 coat was made. Its surface topography was 

observed. Its real surface area and adsorption capacity in 

NSRL, HeFei, 23003l,China 
vacuum chamber was tested. Adsorption species was 
investigated. 

Coating Making 
AI2O3 powder was sprayed on the steel sheet( 120X80 

X0.6mm^)by plasma spraying. Powder size is less than 
0.065mm. Spraying parameters is listed in Table 1. 

Table 1: Plasma Spray Parameters 

•yj pei@ustc.edu.cn 

Variable 

Ar flow rate 

H2 flow rate 

N2 flow rate 

Current 

Voltage 

Spray Distance 

Spray angle 

Value 

2000 1/h 

2001/h 

250 l/h 

600A 

65V 

170mm 

90° 

Coating surface topography was observed by SEM 
(KYKY 1000B)(see in Fig. 1) 

30 um 
Figure 1: AI2O3 coating topography(X 1000) 

Obviously coating consists of ntimerous flat granules 
with many pores and gaps. AI2O3 granule is heated in the 
plasma flame and nearly in fusing state. It strikes towards 
base steel sheet so heavily that it became flat. Because 
granules are different in size, moment, fusing level, so 
their area, shape, thickness etc. are not alike. If two 
adjacent granule don't solidify simultaneously, a gap 
would be formed. The pores arise because impurity and 
oxide buming, oxide film bursting f*'. 
XRD 

XRD results showed that powder   AI2O3 is  a phase, 
AI2O3 coated is y phase. 

Specific Area and Pore Constitution 
N2 adsorption isotherm was tested to investigate the 

real surface area and pore constitution of coating and 

0-7803-7738-9/03/$17.00 © 2003 IEEE 818 
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powder. Tests were undertaken on ASAP 2000 system» 
Results are shown in Fig.2-5. 

RELATIVE PRESSURE   (P/P^) 

Figure 2: AI2O3 powder isotherm 

RELATIVE PRESSURE   (P/P ) 

Figure 3: AI2O3 coating isotherm 

PORE DIAMETER (A) 

Figure 4: AI2O3 powder pore distribution 

100 

PORE DIAMETER (A) 

Figure 5: AI2O3 coating pore distribution 
The specific surface area of powder AI2O3 is 

91.1806m^/g. It is clear in the isotherm curve that during 
adsorption process adsorbed volxmie increase slowly from 
p/po=0~0.65, but rises rapidly from p/po=0.65~l .0. No 
saturation appears up to P/Po=l. During desorption 
process adsorbed volume decrease slower than 
counterpart during adsorption (see Fig.2). It is deduced 
that pore is of several shape: cone shaped or dual-cone 
shaped open at both-end, wedge-like open at four sides. 
Pores are existed among particles, formed by sloping face 
of particles. Multi-layer adsorption and capillary 
condensation occurs, interacting force between adsorbate 

and adsorbent is relatively fierce. In the pore distribution 
curve more than one peak are appeared. The highest peak 
is at between 100-1 lOA, the second is about at 60A (see 
Fig 4). Surface area of pores which is larger than 50A 
accounts for 49.98% of all. 

The specific surface area of coating AI2O3 is 201m^/g. 
Both adsorption amoimt and desorption amount are both 
linear with pressure. No hysterisis appears (see Fig.3). It 
is deduced that the pore is cylinder-like, cone-like or 
wedge-like closed at one end. Multi-layer adsorption and 
capillary condensation also occur. Only one peak appears 
between 20~30A in the pore size distribution curve (see 
Fig.5). Surface area of pores which is larger than 50A 
accounts for 25.84% of all^^^f^l 

It is clearly demonstrated that from powder AI2O3 to 
AI2O3 coated real surface enlarge, pore diameter shrank 
and pore shape was changed completely. 

Adsorption Capacity 
Adsorption capacity of coating was tested 

quantitatively and quantitatively. The test system scheme 
is shown in Fig.6. 20 sheets of steel coated with AI2O3 
(~3,840cm^) was put directly into a standard test dome. 
Orifice diameter d = 2mm , flow conductance 
c = 0.341/s (27°C,N2). Pi, P2 was measured by two B-A 
gauge (L-B Co.), which had been calibrated at an all- 
metal ultra-high vacuum calibration facility. One 2001/s 
SIP was used to obtain ultimate pressure. One 1101/s TMP 
imit was used to obtain backing pressure. 

1,2 B-A gauge 3 test dome 4 orifice 5 coating sheet 
6 gate valve 7 SIP 8 TMP unit 
Figure 6: test system sketch 

Total leakage is less than 5X10"' mbar • 1/s. Chamber 
was baked at 250 °C for 24hrs then cooled down to room 
temperature. Pi,P2 was recorded. Gate valve was not shut 
off until ultimate pressure was reached. 

Adsorption capacity 

^Q = c(p,-p,)=c(p,,-p,,) 
G=^AQdt 

PiQ, P20 — background pressure. 

The results are shown in Fig6,7. 
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Figure 7: AI2O3 coating adsorption amount 
With sample coated in the chamber ultimate pressure 

could reach 8.6 X IQ-^Pa, w^hile background ultimate 
pressure is 6.4 X IQ-'Pa. Adsorption began to occur 
during cool-down process. In a few hours it attain 
saturation. Tum off the pump chamber could maintain 
certain pressure lower than background under the same 
condition. It means adsorption and desorption keep 
balance and coating has some absorbing capacity. It also 
imply the outgassing rate of coating is smaller than 
stainless steel. 

XPS 

XPS (X-Ray Photoelectron Spectroscopy) was used to 
investigate the adsorbate; chemical state on surface. 
Excitation is Mg K a , hv =1253.6eV, analyzer energy 
CAE=20eV, step=0.05eV. Specimen was heated up to 250 
°C in the vacuum and re-adsorption in the air. The surface 
spectrum and Cls spectrum are scanned (see in Fig8, 9). 

S-    2x 

200 400 600 800 1000 
"binding energy(ev) 

Figure.8: XPS of AI2O3 coating 

Content of elements is Al: 28.57%, O: 47.23%. 
42.85% of O comes from AI2O3, the rest comes from 
adsorbate. There are several peaks at 283.5eV, 284.8eV 
286Ev, 286.4eV and 288.1eV in Cls XPS spectrum, it is 
deduced kinds of chemical bonds existing on the surface 
as Al-O-C, C-H, -C-0, -C-OH, -C=0 etc., which are 
most likely relate with the adsorption of 
CH4,CO,C02 ,H20 and other gases. 

CONCLUSIONS 
• The application of AI2O3 coating sprayed on the 

surface of magnet meterial brings some positive 
effects: difficulty of injection vacuum chamber 
design reducing, emittance of the beam no 
increasmg, a good magnet performance, good 
vacuum condition and injection efficiency raising. 
The magnet has been successfully run for 10 years 
atNSRL. 

• Due to particular forming process, AI2O3 coating 
have larger surface area than powder. It is 
beneficial to adsorption. 

• The interaction between AI2O3 coating and gas is 
not only physical but also chemical adsorption. 

• Further experiment and theory study on adsorption 
species is to be performed. 
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Table 1: Comparison of the parameters of SWLS source 
at field strength of 6 T and 5.3 T 
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VACUUM COMMISSIONING FOR THE SWLS ABSORBER INSIDE A 
KICKER-CHAMBER AT TLS STORAGE RING 

G. Y. Hsiung*, S. N. Hsu, K. C. Kuan, C. S. Hwang, NSRRC, Hsinchu, Taiwan 
J. R. Chen, NSRRC and NTHU, Hsinchu, Taiwan 

Abstract 
A 6T super-conducting wiggler, so called wavelength 

shifter, (SWLS) has been installed in the injection section 
of the 1.5 GeV Taiwan Light Source (TLS) electron 
storage ring. The intensive synchrotron radiation emitted 
from SWLS causes severe problems in the dovrastream 
kicker-chamber, such as radiation hitting on the ceramic 
parts, interfered non-uniform field and induced arcing 
from the absorber during kicker firing, etc.. A new 
absorber, designed to solve those problems, has been 
developed and installed in the kicker-chamber 
downstream the SWLS. The earlier stage of vacuum 
commissioning shows a high pressure-rise, stimulated by 
the photons, localized near the head of absorber that 
seriously constrains the beam lifetime. However, the 
pressure reduces by continuous beam cleaning. The 
injection efficiency of the electron beam is not degraded 
much. The temperature rise on the dovmstream chambers, 
behaves not so according to the beam current, is kept 
within allowable values. 

INTRODUCTIONS 
A 6T SWLS is installed in the 1.5 GeV TLS to obtain a 

higher flux and a critical energy of hard X-ray extend 
from 2.14 keV to 8.98 keV[l,2]. The irradiation from 
SWLS, 130 mrad photon span and 8.9 mm off-axis, hits 
the downstream taper, flange, kicker ceramic chamber, 
and drift chamber, etc.. An absorber is installed inside the 
4th kicker ceramic chamber to prevent the non-cooled 
ceramic parts from irradiating the synchrotron light. The 
severe problem for the absorber inside the kicker chamber 
includes: (1) reducing the horizontal physical aperture 
that challenges the beam injection, (2) degrading the 
uniformity or kick-field, (3) causing the arcing and 
inducing serious problems of dramatic pressure rise and 
the micro-dust from the damaged film coated inside the 
ceramic chamber. Features of the absorber should be 
water-cooled, thin enough, higher thermal conductivity, 
electrical insulated from the chamber. The design and the 
commissioning result will be described in this paper. 

DESIGN OF THE ABSORBER 
Figure 1 illustrates the engineering drawing for the Rl 

straight section of TLS that contains SWLS and the 4 sets 
of kicker. There is not enough space between the SWLS 
and the 4th kicker for inserting an independent absorber. 
The parameters of SWLS at strength of 6 T and 5.3 T are 
shown in Table 1. Figure 2: Photos of (a) the kicker chamber with the 

absorber, and (b) the cold head of the absorber. 

Field strength 6 T (260 A) 5.3 T (230 A) 

Critical energy 8.98 keV 7.93 keV 

Photon span 130 mrad 115 mrad 

Total Power 2.56 kW 1.98 kW 

Design 
The absorber is made of OFHC copper sheet, 3 mm in 

width, 6 mm in height, and 460 mm in length, surrounded 
brazing with 1/4" stainless steel tube for cooling water. 
The flow rate is higher than 3 L/s. An extended Cu covers 
the tip of the SUS cooling tube to avoid the irradiation. 
The assembly is inserted from the downstream port of 
ceramic chamber, as shown in Fig. 2, where the RF bridge 
is installed to keep the same cross section. 

hsiung@srrc.gov.tw 
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Thermal analysis by ANSYS simulation 
The curves of power distribution for SWLS at strength 

of 6 T and 5.3 T, located at 0.52 m from source, are 
shown in Fig. 3(a) and 3(b), respectively. Fig. 3(a) shows 
a maximum power density of 50 W/mm^ at 0.04 m of 
horizontal position, the half width of ceramic chamber, in 
case of 6 T, and lower than 5 W/mm^ in case of 5.3 T. 
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Figure 3: Power distribution for the SWLS at field 
strength of (a) 6 T, and (b) 5.3 T. 

The thermal analysis by ANSYS for the absorber near 
the cold head without Cu cover, and with Cu cover and 
upstream absorber, are illustrated in Fig. 4(a), 4(b), 
respectively. The simulated results emphasize not only the 
necessity of covering the cold head with conductively 
cooled copper but also another upstream absorber to share 
the heat loads with the cold head. The upstream absorber 
is made by welding an Al absorber, 12 mm in height, on 
the inside wall of Al taper flange downstream the SWLS. 

COMMISSIONING OF TLS 
The absorber cannot protect the leading edge of kicker 

ceramic chamber from SWLS irradiated power density of 

50 W/mm in case of 6 T that causes the non-cooled 
ceramic spacer broken. The later commissioning of TLS 
is operated for SWLS at 5.3 T. Thus the photon span of 
SWLS light reduces from 130 mrad to 115 mrad. It is 
capable to shield the non-cooled ceramic chamber and 

components from irradiation. Since there is not enough 
space for additional pumps and poor conductance near 
SWLS, the pressure rise of R1IG2 due to photon 
stimulated desorption out of the absorbers and SWLS 
beam duct is the highest in the storage ring. The averaged 
pressure, Pavg, is determined by R1IG2. The pressure rise 
per beam current, and the product of life time with beam 
current, as function of the beam dose are shown in Fig. 
5(a) and 5(b), respectively. 

(b) 

Figure 4: Thermal analysis by ANSYS for the absorber 
(a) without Cu cover, and (b) with both Cu cover and 
upstream absorber. 

A beam lifetime, limited by nuclear scattering from 
residual gas, of longer than 10 hours at a beam current of 
200 mA has been achieved after the beam self-cleaning at 
an accumulated beam dose of 50 Ah. The averaged 
pressure rise due to photon stimulated desorption reduced 

to a level below 5x10"^^ Torr/mA. The dominant 
pressure rise is determined by R1IG2, located near SWLS, 
comprised of H2, CH4, and CO. Fig. 6 shows the mass 

spectrum by a quadrupole mass spectrometer near the 
SWLS section where the desorbed gas species are 
measured. The product of pressure rise, IG2 or Ravg, with 
lifetime is nearly constant of 2x10"' Torr-h or IxlO"* 
Torr-h. It illustrate a result of gas scattering dominant 
lifetime compared with the Touschek lifetime before 
beam dose of 50 Ah. 
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Fig. 5: Pressure rise per beam current, (a), and product of 
beam current and lifetime, (b), as function of beam dose. 
IG2 and Pavg represent the pressure rise near SWLS and 
the average pressure of the storage ring respectively. 

The temperature rise near downstream taper of SWLS and 
near the 4th kicker ceramic chamber is monitored by the 
PTIOO thermal sensor. Fig. 7(a) shows the beam current 
and pressure rise near injection section and SWLS, and 
7(b) shows curves of temperature rise near SWLS and 
downstream kicker chamber. Tl ~ T4 represent the 
temperature near both sides of taper and flange 
downstream the SWLS, while T5, T6 and T7, T8 near 
upstream and downstream of kicker chamber respectively. 
The temperature near the SWLS and kicker chambers are 
< 13 "C, at 5.3 T of SWLS operation mode and 200 mA 
beam current. 

Fig. 6: RGA spectrum in mass range of 1 ~ 50 amu/e. The 
dominant residual gases include H2, CO, and CH4. 
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Fig.  7:  (a)Beam current,  pressure rise,  lifetime;  (b) 
Temperature near SWLS and 4th kicker chamber. 

CONCLUSION 
The commissioning result for the SWLS absorber 

inside the downstream kicker chamber is described. A 
lifetime of > 10 h at beam current of 200 mA was 
achieved after beam self-cleaning for accumulated beam 
dose of 50 Ah at SWLS field of 5.3 T. The dominant gas 
species are H2, CH4, and CO. The injection rate of > 200 
mA / 3 min, after installing the SWLS, does not degrade. 
The cold head of the absorber is protected by an extended 
Cu cover and an Al upstream absorber. The temperature 
rise near the ceramic chamber is < 13 °C. 
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INSERTION DEVICE VACUUM CHAMBER FOR THE LINAC COHERENT 
LIGHT SOURCE* 

Soon-Hong Lee", Emil Trakhtenberg, and Patric Den Hartog 
Advanced Photon Source, ANLIL 60439, USA 

Abstract 
The vacuum requirement for the undulator line of the 

Linac Coherent Light Source is extremely challenging: a 
low resistive wall impedance 3.42-m-long chamber that 
fits within a 6.3 mm undulator gap that has ultralow 
outgassing and a surface finish, less than 100 nm Ra. A 
prototype chamber will be fabricated from electropolished 
semiconductor-processing-grade stainless-steel seamless 
tubing. Since stainless-steel tubing has a high electric 
resistivity, which can increase the resistive wall wake, a 
thin layer of copper will be deposited to minimize this 
effect. A thin nickel plating will be deposited in advance 
for better adhesion. This process will be followed by 
electropolishing of the copper surface. The first approach 
for Cu coating of the vacuum chamber has been 
investigated. Roughness measurements and preliminary 
coating results with a one-meter-long tube will be 
presented. 

1 INTRODUCTION 
The Linac Coherent Light Source (LCLS) is a high- 

brightness x-ray free-electron laser (PEL) project that will 
be constructed at the Stanford Linear Accelerator Center . 
(SLAC). In the LCLS project, the electron beam is 
accelerated through the 2 mile SLAC linac and will pass 
through a 121 meter array of 33 separate undulator 
segments. One of the most important contributions to 
performance in the LCLS is the control of the wakefield 
effects inside the undulator. The wakefield effects can be 
reduced by proper design of the vacuum chamber. 

In the LCLS, the 6.3 mm undulator gap necessitates a 
narrow OD vacuum tube with inside radius of just 2.5 
mm. The electron beam interaction with the narrow 
undulator vacuum tube can generate an energy gradient 
across the bunch that can potentially reduce the PEL gain. 
These wakefields are influenced by both beam pipe 
surface roughness and conductivity. The former are called 
the surface roughness wakefields, and the latter are called 
the resistive-wall wakefields. The resistive-wall 
wakefields can be reduced to a desired level by Cu 
coating on the interior of the stainless steel tubing or by 
using copper tubing [1-3]. In addition, wakefields due to 
surface roughness of the interior of tubing may interact 
with the beam in the vacuum chamber, which causes 
degradation of beam emittance. 

In this report, techniques for minimizing the wakefield 
effects in the LCLS vacuum chamber design will be 
discussed.   Specifically,  technical  issues  such  as  the 

* Work supported by DOE under contract no. W-31-109-Eng-38. 
* slee@aps.anl.gov 

vacuum     chamber     material,     surface     roughness 
measurements, and Cu-coating process are addressed. 

2 TECHNICAL ISSUES 
The LCLS conceptual design report (CDR) 

recommends stainless steel (SS) 316L as the vacuum tube 
material [3]. In general, the vacuum properties of stainless 
steel (SS) are excellent, but it has a high electrical 
resistivity. The design requires minimizing the electric 
resistivity on the inside of the vacuum chamber surface, 
which the beam might closely approach, and minimizing 
the contribution of the resistive-wall wakefield to orbit 
distortion and emittance grovi^. To do that, the CDR 
recommends an application of a thin layer of oxygen-free 
electronic (OPE) copper (-10 nm thickness to cover the 
skin depth of 58 nm) followed by electropolishing of the 
copper-coated surface. A thin nickel substrate may be 
required as the undercoat before copper coating for better 
adhesion of the copper to the SS tube. 

However, there are many technical challenges with 
respect to the Ni & Cu plating/coating process of a 3.42 
m-long and 6 mm-narrow tube. In addition, the surface 
roughness of the chamber required by CDR must be less 
than 100 nm (4 ji inch Ra) after coating. To achieve this 
extremely smooth surface, the CDR recommends the 
coated surface of tubing to be electropolished. However, 
some special considerations must be taken, especially in 
soft metals like copper. Electropolishing can generally 
improve the surface roughness of a product by about 
50%, based on the input surface Ra. Por example, to 
achieve a surface finish of 4 ninch Ra, we might be able 
to finish the surface to at least an 8 ninch Ra by a 
mechanical method before electro-polishing. Also, the 
surface cannot be smeared in the mechanical polishing 
process, or the electropolishing may cause the surface 
finish to be made worse mstead of better. Another option 
for the vacuum chamber is to use OPE annealed copper 
tube. In the CDR, OPE copper was considered as a 
vacuum chamber material as well. However, it mentions 
that this OPE copper material is marginal for repeated 
beam exposures at the same location and is not suitable 
for the scenario of continuous beam exposure. Herein, 
however, copper is still considered as one of materials for 
the LCLS vacuum chamber. 

In this study, aluminum or ceramic materials may be 
some other possible options. Including all possible 
options, a comparison of vacuum chamber materials has 
been summarized in Table 1. There exist some technical 
challenges to complete the vacuum chamber design, such 
as Ni & Cu coatings and electi-opolishing of a long, 
narrow tube, etc. 
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Table 1: Comparison of possible approaches for the 
LCLS vacuum chambers. 

Chamber Advantages Disadvantages 
SS316Ltube 
+ Ni, Cu Coat 

+ Electropolish 

Low roughness, 
Vacuum quality 

Coating, 
Electropolish, 
Mechanical 
tolerance 

OFE Cu tubing 
+ Electropolish 

Conductivity, 
No coating. 
Cost reduction 

Low melt 
temperature, 
Electropolish, 
Flange attachment 

SS316L plate 
+ Machining 

+ Coating 
+ Welding 

Plating, 
ElectropoUsh, 
Flexible design 

Machining, 
Twists, 
Post-weld annealing 
Mechanical strength 

Al Extrusion 
6063-T5 

No Coating, 
Cost reduction 

Low melt 
temperature, 
Electropolishing 

3 ANALYSIS OF VACUUM TUBE 
MATERIALS 

To compare the surface roughness of chamber 
materials, sample specimens were prepared from SS and 
copper tubes. Surface roughness data were collected by 
using a KLA-Tencor alpha-step 500 profilometer and an 
atomic force microscope (AFM). 

1" long samples were cut from V^" OD x 0.036" 
thickness SS 316L tubing and from 0.236" OD x 0.020" 
thickness OFE copper tubing by using a wire EDM 
process. The part was flushed with DI water during 
cutting. The EDM wire is made of brass and tungsten 
alloy. The finished samples were subsequently cleaned 
with Citrinox. 

For the AFM measurements, we obtained the surface 
plots in noncontact mode and used the cantilever tips of a 
Veeco Metrology group (Model # 1650 for SS 316L and 
# 1895 for Cu). These tips have resonant frequencies of 
260 and 280 kHz, respectively. The images were taken at 
scan rates between 50 ~ 100 ^m/sec to accurately track 
the sample surface, and all images were flattened to 
reduce the effects of drift. 

Sample measurement results 
Typical AFM images of SS and Cu samples are shown 

in Figures 1-2 and Table 2 shows the summary of typical 
surface roughness measurement values. From these 
measurements, we found the sample from SS 316L tubing 
to have a very smooth surface. The tubes are available off 
the shelf with a maximum 5 ^inch (130 nm) Ra surface. 
But, in the case of Cu tube samples, we had great 
difficulties imaging the sample despite several attempts, 
because it is too rough for the AFM cantilever tips we 
used for SS 316L. It was not easy to scan, particularly 
imaging areas larger than 20 x 20 jim with model # 1650 
AFM tips. But, it was possible to scan the images with 
model #1895 AFM tips. 

As shown in Figures 1-2, both samples clearly exhibit 
striations, especially the Cu images, parallel to the 
longitudinal direction of the tube cut, and these features 
can be easily seen with a low-magnification light 
microscope. 

Figure 3 shows a typical 2D surface roughness of a Cu 
tube by profilometer. We measured the roughness of the 
samples along both the longitudinal and azimuthal 
directions of the tube. Both SS 316L and Cu tubes 
exhibited roughness in the azimuthal direction that was 
much worse than that in the longitudinal direction. 

m^ ^'MMKM^- 

W.^\-'?;:<»^^^^m''A 

Tube 
Axis WMtl^M 

(a) 20 X 20^m 
(24.64 nmRa) 

(b) 50 X 50nm 
(10.07 nmRa) 

(c) 100 X lOOum 
(16.15nmRa) 

(d) 3D -100 X 100|im 

Figure 1: AFM images of the inner surface of stainless steel 316L tube. 

W -^ TT-I 

pp* I^S 7S^lm 

(a) 20 X 20nm 
(297.98nmRa) 

(b) 50 X 50nm 
(317.49nmRa) 

(c) 75 X 75nm 
(207.98nmRa) 

Figure 2: AFM images of the iimer surface of OFE copper tube. 
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Scan Lenqth (um) 

Figure 3: Typical surface roughness profile of a Cu tube 
along the longitudinal direction. 

Table 2: Range of surface roughness measurement 
values for vacuum chamber materials. 

Measurement 
Instrument 

Tube 
Mat!. Ra(nm) Rq(imi) 

AFM (area) SS316L 10.1-24.6 14.8-46.9 
OFECu 188.1-424.5 271.4-406.3 

Profilometer SS316L 48.30-313.4 - 
OFECu 71.45-412.5^ - 

4 COATING PROCESSES 

Electroless plating metal deposition 
This technique is defined as a chemical reduction 

reaction fi-om an aqueous metal salt solution containing a 
reducing agent. After masking the outer surface of tubing, 
it is immersed into the plating bath. No external power 
supply is needed. In the narrow-long application, two 
problems are expected. First, it would be very difficult 
for an electrolytic reaction to occur on the inner surface of 
the narrow-long SS tubing. Second, deposition rates are 
generally much lower than electroplating rates, so it might 
not be easy to plate a 10 ^m Cu layer. Also, non-uniform 
thickness is expected. This process requires further 
research. 

Figure 4: Equipment setup for copper coating by a CVD 
process inside a steel tube. 

Chemical vapor depositions (CVD) 
These vapor deposition techniques are based on 

homogeneous and/or heterogeneous chemical reactions. 
This process would be a strong candidate to complete the 
Ni and Cu coatings. As shown in Figure 4, copper 
coating has been tested with a one-meter-long tube at 
CVD Manufacturing, Inc. (Toronto, Canada). To deposit 
a layer of Cu film by CVD, two chemicals, such as copper 

(II) hexafluoracetyacetonate [Cu"(hfac)2] and copper (II) 
acetylacetonate, were tested under the conditions listed in 
Table 3. It is easy to transport Cu"(hfac)2 at low 
temperature, however, the deposition rate is very low, and 
this material is also costly. After working on several tests 
with this material, we found it did not work well in our 
application. Using copper (II) acetylacetonate, a Cu fihn 
was also deposited under the conditions listed in Table 3, 
and the carrier gas (Ar + Hj) was passed through a bed of 
copper precursor to bring the vapor into the reaction 
chamber. The advantage of this material is that it is free 
from fluorine, and a high purity copper film can be 
achieved. It also deposits at a much higher rate than 
materials containing fluorine. A high deposition rate is 
essential for the long tube deposition. However, the vapor 
was stuck at some places inside the tubing, particularly at 
the joints (both tubing ends), because the temperature is 
lower at those points. Using the enhanced distribution of a 
uniform temperature, we can achieve more uniform 
thickness coverage inside the tube as shown in Figure 5. 

Table 3: Deposition conditions for Cu CVD. 

(a) Inlet view (b) lOx (c) 60x 

Figure 5: Tube section views of a copper-coated surface. 

5 SUMMARY & FUTURE WORKS 
The surface roughness of SS and Cu tubing has been 

measured. Copper coating has been tested with a one- 
meter-long tube. Uniform thickness coverage inside the 
tube was achieved by controlling the temperature 
distribution. Work is continuing to get a uniform Cu film 
with a 1-m-long SS 316L tube, by optimizing temperature 
and insulation. Eventually, a fijll 3.42-m-long tube will be 
tested. In addition, electropolishing of 3.42-m-long OFE 
copper tubes will be tested at Delstar Metal Finishing, 
Inc. (Houston, TD). We expect the finish should be 
approximately 1/2 of the as-drawn surface roughness and 
that electropolishing will aid in reducing the surface 
roughness and outgassing rate for Cu tubing. 
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ADVANCED PHOTON SOURCE BOOSTER SYNCHROTRON 
SUBHARMONIC RF CAPTURE DESIGN* 

Nicholas S. Sereno, Advanced Photon Source, ANL, Argonne, IL 60439, USA 

Abstract 
Recent efforts at the APS have focused on improving 

overall injector system reliability and availability for top- 
up mode storage ring operation. One proposal being 
considered is to implement direct injection of the beam 
from the linac into the booster synchrotron, thereby 
bypassing the particle accumulator ring (PAR). Efficient 
capture of the long linac macropulse (>~ 10 ns) can be 
accomplished by adding an additional rf system in the 
booster at an appropriate subharmonic of the 352-MHz rf 
system. The subharmonic system is used during injection 
up to approximately 3 GeV, then the 352-MHz system is 
turned on to accelerate the beam to 7 GeV. The particle 
tracking program elegant is used to simulate rf and 
magnet ramping, beam loading, and HOM effects at up to 
10-nC beam charge. Issues addressed in this design are 
efficient beam capture and acceleration to 7 GeV while 
maintaining adjacent bunch purity. Tolerances on various 
rf system parameters are presented in order to maintain 
bunch purity to better than 1 part in 100,000. 

REQUIREMENTS 
Successful operation of the APS storage ring (SR) in 

top-up mode requires a reliable injector system that 
efficiently delivers beam at 7 GeV to the SR. One way to 
possibly improve injector reliability is to inject the linac 
beam directly into the booster and bypass the PAR. 
Direct injection into the booster imposes several 
requirements on the booster rf system. First, the rf must 
capture the complete linac beam or at least a large fraction 
of it. Second, bunch purity must be preserved. Third, the 
whole acceleration process from injection to extraction at 
7 GeV must be as efficient (as measured by particle loss) 
as possible at up to 10 nC of extracted charge. Finally, 
the rf system parameters should be chosen to preserve the 
present linear ramp profile used in the booster (0.325 to 7 
GeV in 225 ms). The last requirement minimizes the 
required recommissioning effort since the magnet family 
ramps are left unchanged. 

These requirements can be achieved by adding a 
subharmonic rf system in the booster at the appropriate 
frequency and gap voltage. The subharmonic system in 
combination with the present booster 352-MHz rf system 
act together to accelerate the beam to 7 GeV while 
minimizing beam loss and preserving bunch purity. The 
central problem of this design is to determine the proper 
subharmonic and 352-MHz rf system parameters to 
satisfy these requirements. The acceleration and capture 
process is achieved by using the subharmonic system to 
capture the linac macropulse and turning on the 352-MHz 

system at about 3 GeV to quickly capture and accelerate 
the beam to 7 GeV. The subharmonic system will also 
support future booster upgrades as well as a new, recently 
commissioned low-emittance booster lattice [1]. 

SUBHARMONIC FREQUENCY AND GAP 
VOLTAGE GENERAL CONSIDERATIONS 

The thermionic gun macropulse length drives the choice 
of subharmonic frequency. The rf thermionic guns have 
nominal pulse lengths of 40 ns (gun 1) and 10 ns (gun 2). 
The subharmonic period sets the maximum macropulse 
length that can be captured in a stationary bucket. This 
maximum length is further reduced by a factor for 
nonstationary buckets [2]. For the booster, the beam is 
injected into an accelerating bucket so the achievable 
linac macropulse length that can be captured by the 
booster is approximately 30 - 50% less than the 
subharmonic period. 

To capture the complete macropulse for both guns 
would require a < (1/40 ns) = 25 MHz subharmonic 
frequency. Due to the difficulty of building high-voltage, 
low-frequency rf cavities, this requirement can be relaxed 
so that at least the 10-ns pulse from gun 2 can be 
captured. Finally, the subharmonic frequency must be an 
integer subharmonic of 352 MHz (h = 432). Table 1 Usts 
the subharmonic frequencies and numbers considered in 
this study. All four frequencies can completely capture 
the macropulse generated by gun 2. The exact choice of 
subharmonic frequency can be made based on rf 
considerations such as ease of construction and maximum 
gap voltage obtainable. 

Table 1: Booster Subharmonic Capture Cavity Parameters 

Frequency 
(MHz) 

Subharmonic 
Number 

Subharmonic Gap 
Voltage (kV) 

Minimum Bunch 
Lei^th (ns) 

29.327 12 650 2.44 

39.103 9 500 2.57 

43.991 8 450 2.57 

58.665 6 400 2.33 

*Work supported by U.S. Department of Energy, Office of Basic 
Energy Sciences, under Contract No. W-31-109-ENG-38. 

The subharmonic gap voltage required depends on the 
linac macropulse length and the bunch length required to 
efficiently capture and accelerate the beam by the 352- 
MHz rf system. The linac macropulse must be damped to 
< 2.84 ns before it can be captured and accelerated by the 
352-MHz rf system. However, radiation damping is very 
small up to about 3 GeV where the damping time is 17.2 
ms (at the injection energy of 0.325 GeV the damping 
time is 13.5 seconds). For energies less than 
approximately 3 GeV, adiabatic damping of the energy 
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spread is the dominant mechanism for reducing the bunch 
length since the bunch length is (nearly) proportional to 
the energy spread [2,3]. The proportionality is not exact 
since it is scaled by the synchrotron frequency, which 
changes as the synchronous phase and energy change. 

The gap voltage needs to be large enough to provide an 
adequate overvoltage factor at 3.25 GeV to compensate 
for acceleration (36.4 keV/tum) radiation loss (296.7 
keV/tum) as well as beam loading. This requires a 
subharmonic gap voltage of somewhere around 400 to 
600 kV (depending on choice of frequency) to insure 
adequate overvoltage. The exact value of the gap voltage 
is explored via simulation described in the next section. 

DETERMINATION OF SUBHARMONIC 
GAP VOLTAGE FROM TRACKING 

Initial elegant [4] tracking simulations were performed 
to determine the gap voltage required for each frequency 
listed in Table 1 to capture and bunch the linac 
macropulse to < 2.84 ns. The initial linac macropulse 
length was varied depending on the subharmonic 
frequency, and the energy spread was taken to be ±1% 
(hard edge full width) at 0.325 GeV. These initial beam 
parameters resulted in ~ 0.5% particle losses at injection. 
The simulation used 35,000 particles to estimate the 
worst-case capture efficiency as well as bunch purity 
during capture and acceleration. Beam loading was 
simulated for the subharmonic cavity by using the 
standard resonator impedance model with Q^ = 40,000, 
P = 1, and Rs = 5 MQ, Finally, elegant has the capability 
to simulate radiation damping and quantum excitation, 
and these effects were included in the simulations. 

Table 1 shows the total gap voltage required for each 
subharmonic cavity frequency to achieve a 2.3- to 2.5-ns 
full width bunch length (defined as the difference in 
arrival time of the most downstream and most upstream 
particles in the bunch), the table clearly shows the 
tradeoffs involved in the choice of subharmonic 
frequency. One would like to use the lowest frequency 
possible to capture the longest possible linac pulse. A 
lower subharmonic frequency would require a much 
higher gap voltage to achieve the bunch length required 
for efficient 352-MHz capture. In general it is more 
difficult to design low-frequency cavities with high gap 
voltage (> 200 kV) because of voltage breakdown [5,6]. 
Next we explore a way to reduce the required total gap 
voltage yet still use a low-frequency cavity for capture of 
a long linac macropulse. 

SIMULATIONS USING TWO 
SUBHARMONIC CAVITIES WITH 

DIFFERENT FREQUENCIES 
Table 1 illustrates the tradeoff between subharmonic 

frequency and gap voltage. This is understood simply: 
the bunching required is inversely proportional to the time 
derivative of gap voltage, which is the product of the 
subharmonic frequency and peak gap voltage in the 

frequency domain [2]. One can increase the effective gap 
voltage time derivative by using a combination of low- 
frequency subharmonic cavity and high-frequency 
subharmonic cavity (both cavity frequencies need to be 
harmonically related to each other as well as to 352 
MHz). This has the effect of reducing the total gap 
voltage required for a given desired final bunch length 
(~ 2.5 ns for efficient capture by the 352-MHz booster rf 
system). 

The subharmonic frequencies chosen for this smdy 
were the twelfth subharmonic (29.327 MHz) previously 
described and the third subharmonic (117.310 MHz) of 
352 MHz. The twelfth subharmonic was kept powered at 
a constant 200 kV throughout the ramp and the third 
subharmonic was ramped (linearly) to 250 kV in 10 ms to 
capture and bunch the beam when the beam energy 
reached approximately 2.40 GeV. After the beam was 
captured and compressed by the subharmonic cavities to 
<~2.5 ns (which occurred at a beam energy of 
approximately 3.16 GeV), the primary 352-MHz system 
was turned on and ramped to full power. The cavity 
mode parameters for the unloaded Q, shunt impedance, 
and coupling from the last section were used for the 3rd 
and twelfth subharmonic cavities. The design parameters 
Qo = 40,000 and Rs = 221 M£2 were used for the quality 
factor and total shunt impedance of the four 352-MHz 
booster cavities. In all the simulations, elegant modeled 
tuning the 117- and 352-MHz cavities on resonance 
instantaneously at a given turn after injection when the 
bunch length was short enough for efficient capture. 

Figure 1 shows the results of the simulation where 
110,000 pa:rticles were used. The figure shows the beam 
captured and accelerated to 7 GeV by both subharmonic 
and 352-MHz systems without particle loss. The full- 
width bunch length plotted shows a b'ansient at injection 
due to longitudinal phase-space mismatch where the 
initial momentum spread of the beam was ±1%. Particle 
losses at injection were about 0.5% due to the mismatch. 
To reduce beam loss and enhance bunch purity, the 352- 
MHz system ramp profile was chosen to be a two-term, 
fourth-order polynomial (linear and quartic terms used), 
which guarantees a near linear ramp for approximately 50 
ms after system turn-on. The full power level of the 352- 
MHz system is 10 MV. 

The most critical point where particle loss can occur is 
when the 352-MHz system is turned on. Eight simulations 
were performed where the phase of the 352-MHz system 
was varied, which showed that particle loss starts to occur 
when the phase differs by more than ± 1 degree from 
nominal. The phase tolerance for the 117-MHz system at 
turn-on was found to be somewhat more relaxed at ± 5 
degrees from nominal. A crucial design issue for the 352- 
MHz system is how to achieve ± 1-degree phase stability 
at system turn-on. 

CONCLUSION 
The studies presented here indicate that a subharmonic 

system   optimized    using    both    third    and    twelfth 
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Figure 1: Full-width bunch length, 117- and 352-MHz 
ramps, and momentum as a function of time. Shown is 
the rapid bunching when both 117- and 352-MHz rf 
systems are powered. In this simulation no particles 
are lost when the ramped rf systems are powered. Not 
shown in the figure is the constant ramp profile (200 
kV) of the twelfth subharmonic system. The 117-MHz 
and 352-MHz ramps are in arbitrary units. The peak 
gap voltage for 117- MHz and 352-MHz systems was 
200 kV and 10 MV, respectively. Both 117-MHz and 
352-MHz systems were tuned to resonance 
instantaneously when the ramp profile first becomes 
greater than zero. 

subharmonic cavities (117.3 and 29.3 MHz) provides the 
minimum total gap voltage required to capture and 
accelerate a 15-ns linac macropulse at up to 10 nC with 
±1% energy spread. The simulations also show particle 
losses less than one part in 110,000 when including 
radiation damping, quantum excitation, and rf cavity 
beam loading. The only particle losses were found to be 
at injection due to phase-space mismatch. Optimization 
of the subharmonic capture idea requires knowledge of 
the gap voltage that can be achieved with an actual cavity. 
In general, the lower the cavity frequency the harder it is 
to engineer a cavity that can sustain a given gap voltage 
without breakdown. Phase and amplitude control of both 
subharmonic and 352-MHz systems also need to be 
carefully considered so that bunch purity is preserved and 
operational flexibility is maintained. Phase stability is 
particularly important for the high-power 352-MHz 
system, which preliminary simulation studies show needs 
1-degree regulation at turn-on. Future optimization 
studies need to include amplitude stability tolerance 
studies for each ramped rf system at tum-on. In addition. 

elegant has recently been modified to include realistic 
modeling of cavity tuning using a ramp profile. 

The two-frequency, subharmonic capture system 
considered here has both advantages and disadvantages. 
On the one hand, up to a 20-ns pulse can be captured 
while requiring only a single 29-MHz cavity. This cavity 
would be very large and difficult to build and operate at 
up to 200-kV gap voltage. Operationally, a two- 
frequency subharmonic system would be more difficult to 
operate and manage spares. A good compromise and the 
focus of ongoing simulation studies is to use one or two 
sixth subharmonic cavities operating at 58.7 MHz and a 
total gap voltage of 400 kV. Using this frequency, most if 
not all of an 8- to 10-ns pulse can be captured. With two 
sixth subharmonic cavities, a degree of redimdancy can be 
achieved; if one cavity becomes inoperable, the other can 
be used to fill the storage ring at die expense of bunch 
purity. 
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NEW INSERTION DEVICE VACUUM CHAMBERS AT THE ADVANCED 
PHOTON SOURCE * 

Emil Trakhtenberg, Greg Wiemerslage, Patric DenHartog and Branislav Brajuskovic, 
Advanced Photon Source, Argonne National laboratory, Argonne, II60439 

Abstract 
Six new types of insertion device vacuum chambers 

have been designed at the Advanced Photon Source 
(APS). One chamber has been designed for the APS 
canted undulator beamlines, two for the Canadian Light 
Source (CLS), and three for BESSY II. For the double 
canted undulators and CLS, a new extrusion shape with 
an oval aperture (not elliptical as usual) was developed 
and extruded. That required a thorough stress analysis and 
some compromise, which included a small increase of the 
vacuum chamber wall thickness. The details of the stress 
analyses and design of the chambers, along with lessons 
learned, are presented. 

['.gp [1S5.0CJ) 

INTRODUCTION 
The APS at Argonne National Laboratory developed a 

number of special vacuum chambers for the insertion 
devices (ID) [1]. Similar vacuum chambers designed and 
fabricated at Argonne National Laboratory are in use also 
at the Berlin Synchrotron Radiation Source (BESSY-II), 
Swiss Light Source (SLS), and European Synchrotroii 
Radiation Facility (ESRF). This report is about a new type 
of ID VC designed and manufactured recently for the 
APS, Canadian Light Source (CLS) and BESSY-II. 

NEW EXTRUSION SHAPE 
All previous ID VC had an elliptical aperture. The 

deflection under atmospheric pressure for such a shape, 
even \yith 1 mm wall thickness, is below 100 nm per wall. 
Nevertheless, from the accelerator physics point of view, 
such a shape is not ideal. Each injected particle traces a 
rectangular area in x-y space because x and y motions are 
independent. The elliptical chamber reduces the aperture 
required for injection because some particles are lost at 
the comers of the ellipse. A rectangular aperture with 
small radiuses at the comers makes a better fit to the 
particle trajectories. 

Of course, the deflection of the wall for a VC with a 
rectangular aperture is more than for an elliptical one. To 
keep the deflection reasonably small, we have found a 
compromise after a number of iterations: the horizontal 
aperture of the chamber was slightly decreased from ±20 
mm to ±18 mm and the wall thickness was increased from 
the standard 1 mm to 1.25 mm while maintaining the 
same outside dimension of the ID VC as before: 10 mm. 
The new shape of the vacuum chamber is shown in Fig. 1. 

* Work supported by the U.S. Department of Energy 
under contract   # W-31 -109-Eng-3 8 

Fig 1: 7.5 mm vacuum chamber cross section. 

Final results of the deflection calculation and stress 
analyses are shown in Fig. 2. The deflection at the 
location of the beam center is about 120 microns per side, 
and stresses are far away from the yield data. 
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Figure 2: Stresses and deflection for 7.5 mm ID VC. 
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The extrusions of this new chamber were made, as 
usual, at Taber Metal, Russellville, Arkansas. Such a 
complicated extrusion shape, as always, is a puzzle, and 
this time it required 5 attempts. A uniform speed of the 
metal flow throughout the whole cross section must be 
achieved to yield a proper extrusion. Fig. 3 shows the 
extrusion cross sections after the second attempt and after 
the final attempt. 

Figure 3: Extrusion cross section (left: second attempt, 
and right: final one). 

DOUBLE-CANTED UNDULATOR 
VACUUM CHAMBERS 

Three new sectors at the APS will be equipped with a 
new shape chamber, which will accommodate two 
undulators A and three dipole magnets [2]. From this 
straight section users can get two beams with a 1 mrad 
angular separation. The new VC will have the same 
length as usual (~5 m), but we added one additional set of 
beam position monitors (BPM) in the middle the of 
vacuum chamber to control the beam separation (Fig. 4). 

Figure 4: Double-canted undulator vacuum chamber. 

End boxes for the 7.5 mm VC have almost the same 
design as in the previous APS ID VC [3]. The design of 
the RF-transition cone and its cooling was simplified. 
Such changes were implemented for the first time in the 
design of the ID VC for the SLS and proved to be 

successful. During the design of this chamber, we have 
paid more attention to the smoothness of the RF-transition 
from the ID VC aperture to the standard accelerator 
vacuum chamber aperture (Fig. 5). 

Figure 5: Smooth joint between vacuum chamber and end 
box. 

Vacuum chambers for the same application will be used 
at the CLS with vertical apertures of 7.5 mm and 12 mm. 
The major difference in the design is that, for the CLS, 
two sets of BPMs were placed in the middle of the 
vacuum chamber. Also, the chamber length is shorter. 

NEW VACUUM CHAMBERS FOR 
"BESSY-H" 

Six new ID VCs are being manufactixred now for 
BESSY-II: two standard ones, as APS has made 
previously and four short chambers with water cooling. 
The original 11 mm extrusion for BESSY-II had no 
provisions for the water cooling, so a gun-drilling 
procedure was used to place four cooling channels inside 
the body of the extrusion. One additional tube was welded 
to the flat plate and placed in a milled grove close to the 
VC aperture. Multiple screws and radiation-resistant 
thermal-conducting glue were used to enhance heat 
transfer. To avoid contamination of the chamber surface 
during the cleaning and certification, the glue applied only 
after final installation of the chamber in to the storage 
ring. One such chamber also has a laser channel welded 
to the downstream flange. The drawing of this chamber is 
shown in Fig. 6. 
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Figure 6: Vacuum chamber for BESSY-II with water 
cooling and laser channel. 
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DUAL CANTED UNDULATORS AT THE ADVANCED PHOTON SOURCE* 

Patric K. Den Hartog*, Glenn A. Decker, Louis J. Emery 
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Abstract 
At the Advanced Photon Source (APS), 34 straight 

sections are reserved for the installation of insertion 
devices for users. Each straight section allows space for 
up to two 2.4-meter-long devices. By sacrificing 0.4 m of 
undulator from each device and introducing a one 
milliradian chicane with three small electromagnets, two 
separate experimental programs can be conducted using 
the same straight section, thereby potentially doubling the 
scientific output with the same real estate. The design of 
the straight section and front end and plans for 
implementation and commissioning of this scheme at the 
APS during May 2003 are presented. 

INTRODUCTION 
The Advanced Photon source is a third-generation 

synchrotron radiation facility serving a wide variety of 
users. Since operations began in 1996, 30 of the available 
sectors have been allocated to various groups. Because of 
the increasing scarcity of unallocated beam line real 
estate, new ideas for enhancing productivity from the 
remaining straight sections have been considered. One of 
these ideas is the canted undulator (CU) straight section. 
In this configuration, a chicane is created with a trio of 
dipole magnets with an undulator in each leg (Figure 1). 
The result is an angular separation between the x-ray 
beams that can be exploited downstream to create two 
independent beam lines from a single straight section. The 
fu-st application of the CU scheme at APS was 
implemented for an experimental program in polarization 
studies that uses both hard (>3 keV) and soft (0.5 - 3 
keV) x-rays. A 270 /trad separation between the two x- 
ray beams was created with permanent magnet dipoles. 

Electron 
Beam 

X-ray beams with 
1 mrad separation 

Undulator    BPM 

Dipole 
0.5 mrad 

Dipole/Corrector 
1.0 mrad 

Dipole 
0.5 mrad 

Figure 1. Schematic layout of a CU straight section 
showing the angular separation of the x-ray beams 
produced by the three dipoles. The dipoles are placed 
symmetric about the center of the straight section and the 
BPM is displaced 113 mm downstream. 

Deflecting the soft x-ray beam outward using a pair of 
horizontally  deflecting   mirrors  fiirther  increased  the 

* Supported by the U.S. Dept. of Energy, BES-Materials Sciences, 
under Contract No. W-31-109-Eng-38. 
*PDenHartog@anl.gov 

separation between beam lines. This scheme was 
successfully implemented in 1999 [1]. For programs 
requiring two hard x-ray beams, however, additional 
angular separation of the x-ray beams by the dipoles is 
required as the deflecting mirrors lose their effectiveness 
at higher energies. 

CU BEAM LINES 
Protein crystallography experiments have grown in 

importance at many synchrotron facilities, occupying a 
growing proportion of the available beam lines. The 
unparalleled brilliance of third-generation facilities has 
made high throughput possible but in many cases the 
maximum usable x-ray flux is determined by sample 
lifetime. Typically the biology beam lines operate with 
only a single 2.4-m-long undulator in the 5-m-long 
straight section. Thus the research programs can benefit 
if more beam lines can be built within the available 
experimental floor space. The tradeoff" is a somewhat 
reduced available length for undulators and a concurrent 
reduction in the x-ray flux and brilliance. Still, for some 
groups the gain in experiment throughput more than 
compensates the reduction in x-rays. Three new groups at 
APS are currently planning to use the CU arrangement. 

CU COMPONENTS 
The CU system consists of two shortened undulators, a 

special insertion device vacuum chamber, dipoles, and a 
corrector for the chicane and a specialized front end. 

Undulators 
The standard undulator used at the APS is a 2.4-m-long 

3.3-cm-period hybrid planar magnetic structure mounted 
on a welded aluminum strongback [2]. To make room for 
the chicane dipoles, 5 periods were removed from each 
end. The strongback is normally supported by a gap- 
separation mechanism at the Airy points (.22315L from 
each end) to minimize the distortion of the magnetic 
structure by equalizing the droop of the overhanging ends 
and of the sag at the midpoint between the two supports. 
The reduction in magnetic attraction force at the ends 
causes an increase in the overall amplitude of the droop. 
Finite element calculations of the structure suggested that 
the deformation was within tolerances, which was 
confirmed by magnetic measurements [3]. 

ID Vacuum Chamber 
APS has designed a number of small-aperture insertion 

device (ED) vacuum chambers based on aluminum 
extrusions [4]. Recently, a new extrusion was developed 
that changed the profile from an ellipse to an oval [5]. 
This new profile was used for the CU straight section. A 
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capacitive RF beam position monitor (BPM) was located 
at the center of the chamber, between the undulators, and 
displaced outboard horizontally 1.18 mm to match the 
electron beam trajectory. 

Table 1: Canted Undulator Front End Parameters 

Canrrril iirtiilariirl)ip(ilr shnrr 

Figure 2.   Short dipole (left) and corrector magnet. 

Dipoles and Correctors 
In order to provide maximum flexibility for operation 

of the storage ring, electromagnets were chosen for the 
dipoles. To maintain the symmetry of the chicane, the 
center dipole was designed to be twice as long as the end 
dipoles but with the same field. All three magnets are 
operated in series with a single power supply. 

Although the IDs are designed and tuned to eliminate 
gap-dependent steering, some small residual remains (<30 
Gauss-cm first integral and <61,000 Gauss-cm^ second 
integral). In order to maintain the independence of the 
two beam lines, an x-y corrector was installed between 
the IDs that allows up to 30 /irad of steering correction. 
In this way, minor steering variations of the first 
undulator can be compensated with the APS feed-forward 
beam stabilization system [6] so as to eliminate any effect 
on the trajectory of the inboard beam by the first 
undulator. All of the steering magnets, including the x-y 
corrector, were designed to be installed over an existing 
ID vacuum chamber (Figure 2). The two undulators, 
three dipoles, and corrector were measured magnetically 
as a group on the APS 6 m bench. No gap dependence of 
the magnetic field was seen due to the proximity of the 
dipole magnets to the undulator magnetic structure. One 
possible failure mode occurs if the three dipole magnets 
responsible for the 1-mrad separation are de-energized, 
resulting in two co-linear x-ray beams, exceeding the 
front-end thermal design limits. For this reason, the 
power supply will be interlocked to the machine 
protection system and the stored beam will be dumped 
when I„3g < 0.75 I„o,rtnai and ISR > 130 mA. 

Front End 

A major challenge of the CU design was the thermal 
load on the fi-ont end [7]. The original front ends installed 
at the APS were designed to allow operation with a 
maximum x-ray power of 6.6 kW and maximum normal 
incidence power density of 0.6 kW/mm^ [8]. Later 
versions of the front end were designed for 9 kW total 
power and 0.8 kW/mm^ power density. Because of the 
desire to increase the stored beam current at APS in the 

Stored beam current (mA) 200 

Total power from two undulators (kW) 20.4 
Power density at normal incidence 
(kW/mrad^) 281 

Temperature and equivalent stress for 
h=0.015 W/mm^°C, To=20 °C) PSl PS2 

Incident angle 0.91° 0.91° 

Peak normal incidence power density 
(kW/mm^) 

0.79 0.64 

Peak incident power density (W/mm^) 12.7 10.4 

T„ax on Glidcop® strike surface (°C) 278 248 

T^ax on OFHC copper (°C) 180 163 

Twaii of cooling channel (°C) 143 129 

Maximum stress, a^f (MPa) 394 347 

Temperature and equivalent stress for 
h=0.015 W/mm^°C, To=20 °C) FMl FM2 

Distance from center of straight section 
(m) 16.9 17.7 

Inlet aperture (mm) [64 X 
26] 

[46 X 
17] 

Exit aperture (mm) [40 X 
14] 

[26 X 
5] 

Device active length (mm) 600 600 
Vertical taper angle 0.57° 0.57° 
Horizontal taper angle 1.15° 0.95° 
Peak normal incidence power density 
(kW/mm') 1.10 1.02 

Peak vertical incidence power density 
(W/mm') 11.0 10.1 

Peak    horizontal    incidence    power 
density (W/mm^) 22.2 16.8 

Tmax on Glidcop® strike surface (°C) 218 198 
Maximum stress, CTeff (MPa) 397 333 

future, it was decided to design for a maximum allowable 
stored beam of 200 mA. This placed a severe constraint 
on the design of the first mask and first photon shutter. 
Also, the horizontal displacement of the two beams 
required that the glancing incidence surface of the photon 
shutters be horizontal rather than vertical, which would 
have been desirable from the standpoint of reducing the 
incident power density. Shu et al. [8] developed a V- 
shaped shutter for the previous fi-ont end version 1.5 that 
could withstand 12 kW of total power, but this design was 
not practical for two separated beams. The requirement to 
absorb two separate x-ray beams led to a unique design 
for the photon shutters. The chosen design intercepts the 
beams on a horizontal Glidcop® strike plate in the closed 
position and functions as a vertical mask in the open 
position.   Glidcop plate, chosen for its superior strength 
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Gote Valve, VAT 40mm, (Slow) 

Ion Pump 100 l/s 

Gote Volve, VAT 40mm (Fost) 

- Gole Volve, VAT 63mm 
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Be Window or: 
Ion Pump 100 l/s 
(Wlndowless, Inline) 

Exit Collimotor 
Ion Pump. 20 l/s 
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FROM *PS W) STRAJGHT SECTION CENTER 

Figure 4. Layout of the components of the front end for the canted undulator beam lines. 

compared to Glidcop bars or rounds, was brazed to the top 
internal surface of the Cu body. The lower OFHC Cu 
surface can only see a missteered beam in the open 
position at highly glancing angle (0.24°). The relatively 
small separation of the beams at the entrance of the front 
end also contributed to a difficult thermal engineering 
challenge. To enhance the film coefficient, h, all of the 
high-heat-load components have spring inserts in the 
cooling channels [9]. These inserts are much less prone to 
corrosion or erosion than the wire mesh that was used in 
earlier front-end components. Also, since the pressure 
drop due to the wire coils is much less than with the wire 
mesh, the saturation temperature rises. With a typical inlet 
pressure of 110 psig, the output pressure is > 75 psig and 
the minimum saturation temperature is 160°. Table 1 
shows the thermal design limits for the system, the two 
photon shutters, PSl and PS2, and the two fixed masks, 
FMl and FM2. Design rules of T^ax < 300° C and Oeff < 
450 MPa were used in order to limit the risk of fatigue 
failure due to thermal cycling. Figure 4 shows a layout of 
the front end for a CU beam line. 

BEAM MISSTEERING LIMITS 
The storage ring components are protected from an 

errant photon beam by a beam position limit detection 
(BPLD) system. When the 1-mrad dipoles are correctly 
powered, the two x-ray beams will move together under 
the influence of accidental closed orbit perturbations. For 
this reason, beam position monitors mounted on the 
extreme ends of the insertion device vacuum chamber 
trigger the machine protection system if the average 
trajectory through the two devices exceeds predefined 
limits, i.e., the beam is dumped within 500 microseconds 
when one of the BPMs at the ends of the straight section 
exceeds pre-calculated limits. The system is armed when 
one of the ID gaps is closed below 60 mm. For normal 
straight sections, the BPLD horizontal limits are 
calculated for an angle missteering of ± 0.9 mrad. For the 
CU, the limit will be 0.4 mrad, which is a significant 
reduction.  For optimized steering through the front end. 

we are aligning the beam line and the accelerator 
components in a consistent way and expect the beam to be 
well centered in the rf BPMs and the probability of false 
trips to be very low. 
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Abstract 

The generation of femtosecond x-ray pulses with cir- 
cular polarization is planned at BESSY II. The paper de- 
scribes the underlying principle ("femtoslicing"), its tech- 
nical implementation, and the expected output, based on 
simulations and measurements. 

INTRODUCTION 

Probing structural changes and magnetic phenomena on 
a sub-picosecond time scale with x-rays is a new and excit- 
ing scientific field, initiated by the advent of femtosecond 
lasers and techniques to convert ultrashort visible pulses 
into x-rays. Compared to other approaches such as har- 
monic generation or plasma sources, the generation of ul- 
trashort synchrotron radiation pulses described below of- 
fers a wider range of photon energies, better tunability in 
energy and polarization, and a larger brightaess in the x- 
ray regime. This technique, now dubbed "femtoslicing", 
was proposed [1] and experimentally demonstrated [2] at 
the Advanced Light Source in Berkeley. The principle is 
to modulate the energy of electrons by the field of a fem- 
tosecond laser pulse co-propagating with an electron bunch 
in a wiggler ("modulator"). Off-energy electrons are then 
transversely displaced using a dispersive magnetic field to 
extract the short component of radiation emitted in a sub- 
sequent undulator ("radiator"). 

A user facility to produce x-ray pulses of 50 fs dura- 
tion with linear and circular polarization is under construc- 
tion at BESSY n in Berlin. Pilot experiments will con- 
centrate on circular magnetic dichroism to probe element- 
specific spin and orbital properties of magnetic materials 
with unprecedented time resolution. Furthermore, the in- 
teraction of femtosecond laser pulses and electron bunches 
will provide a unique opportunity to gain experience in 
view of BESSY'S soft-x-ray PEL project [3]. The energy- 
modulation process is the basis of FEL-seeding schemes 
such as high-gain harmonic generation [4] or sideband 
seeding [5]. Other hot topics are electron-laser synchro- 
nization and femtosecond diagnostics for electrons and 
photons. 

TECHNICAL IMPLEMENTATION 

All major hardware components described in this para- 
graph are underway and will be installed in a shutdown pe- 

* Funded by the Bundesministerium fur Bildung und Forschung and by 
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riod early in 2004. The layout of the femtosecond facility 
is based on the following considerations: 

Minimum pulse duration: In order to preserve the tem- 
poral characteristics of the laser pulse in the electron dis- 
tribution, the modulator and radiator should be placed in 
the same straight section. A scheme with two straight sec- 
tions would not only use more space, but would require to 
operate the storage ring in a special isochronous mode. 

Minimum background: As discussed in a previous pa- 
per [6], mirrors to create an image of the source for short- 
pulse separation may cause intolerably large background 
due to non-specular reflection. If, on the other hand, the 
energy-modulated electrons are displaced from the core 
bunch by a sufficiently large angle such that their respec- 
tive radiation cones do not overlap, the short pulse can be 
separated just by an aperture. This angle should be at least 
1 mrad which - assuming an energy modulation of 1% of 
the beam energy - implies a 100 mrad bending magnet be- 
tween modulator and radiator. 

Minimum impact on the storage ring: The previous 
considerations suggest to place two undulators and a dipole 
magnet of 100 mrad bending angle in a straight section of 
5.4 m length, where the dipole must be part of a closed orbit 
bump. In the layout shown in figure 1, the bump is formed 
by three dipoles, all within the straight section. Other 
schemes involving the adjacent achromats would strongly 
break the symmetry of the storage ring and would make its 
circumference incompatible with the synchrotron. 

The Laser System 

The obvious choice for a laser with pulses of 30-50 fs 
duration is a Ti:sapphire system with chirped pulse ampli- 
fication, operating at 800 nm wavelength. Analytical es- 
timates and simulations suggest a pulse energy of 2-3 mJ, 
allowing for losses between laser and interaction region, 
moderate deviations from the diffraction limit (M^ < 1.5), 
and for extracting a pulse of 0.1 mJ that is naturally syn- 
chronized with the short x-ray pulse for pump-probe appli- 
cations. The repetition rate should be as high as possible, 
only limited by N/T, where N is the number of electron 
bunches and r is the decay time of the energy modulation 
(8 ms for BESSY 11). The laser system will comprise an os- 
cillator and two amplifier stages. In the first stage, liquid- 
nitrogen cooling of the Ti: sapphire crystal allows in princi- 
ple to extend the repetition rate to the 10 kHz regime [7]. 
The second stage is required to produce multi-mJ pulses 
and will initially operate at 1 kHz [8]. 
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Figure 1: The magnetic system of the femtosecond facility, comprising two undulators (U-139 and UE-56) and three 
dipole magnets (yellow). Also shown are adjacent quadmpole (red) and sextupole (green) magnets. 

Magnetic Components 

For resonant laser-electron interaction, the modulator 
has to operate at the laser wavelength i.e. 800 nm. The 
U-139 is a planar wiggler with a period length of 139 mm 
and 10 full periods plus endpoles. The amplitudes of the 
first and third harmonic of the magnetic field are 1.4 T and 
0.2 T, respectively. 

In view of magnetic dichroism studies with variable po- 
larization, the radiator (UE-56) is an apple-type elliptical 
undulator with a period length of 56 mm and 30 periods 
[9]. In March 2003, the original UE-56 double undulator 
was removed and its downstream part reinstalled on a new 
support structure. 

Angular separation is provided by a 0.56 m long C- 
shaped dipole magnet with a bending angle of 112 mrad 
(6.4°). Together with two 0.28 m long dipoles, it forms a 
closed orbit bump. A moderate bending radius of 5 m (with 
a field of 1.13 T at 1.7 GeV) leaves ample margin to operate 
the storage ring at higher beam energy. 

Vacuum System 

The vacuum chambers will be replaced over a length of 
9 m. The undulator chambers with a vertical aperture of 11 
mm are fabricated by extrusion and subsequent machining 
of aluminium [10]. Other chambers with vertical apertures 
ranging from 11 mm to 35 mm are made of stainless steel. 
Carefully designed absorbers account for synchrotron radi- 
ation from the dipole magnets and the U-139 wiggler. 

The laser beam enters through a window 2.3 m upstream 
of the U-139 center. Laser and wiggler radiation travel 
through a narrow pipe to a mirror chamber 3.9 m down- 
stream of the U-139 center. Here, two mirrors extract the 
laser pulses as well as the near-visible part of the U-139 
spectrum for diagnostics purposes. Synchrotron radiation 
from the UE-56 radiator exits at an angle of 3.08° with re- 
spect to the straight section axis. 

Diagnostics 

Beam position monitors at either end of both undulators 
help to keep the electron beam position fixed while the laser 
can be adjusted using remotely controlled mirrors. The 
laser-electron interaction requires spectral, transverse and 

longitudinal overlap of laser pulses and spontaneous U-139 
radiation. Once its x-ray part with 1-2 kW average power is 
removed by water-cooled mirrors, the U-139 radiation can 
be analyzed by the same instruments as the laser using e.g. 
a CCD camera, photo diodes, or a spectrometer. 

Energy modulation can be detected and optimized by 
monitoring coherent infrared radiation a few meters down- 
stream of the modulator. When the path length differ- 
ences of energy-modulated electrons exceed the laser pulse 
length, they leave a hole in the longitudinal electron dis- 
tribution, which is gradually filled by other electrons over 
~ 1/4 of the ring circumference. This hole, being equiv- 
alent to a bunch of ~ 20 /xm length, will emit coherent 
radiation at wavenumbers of 10-50 cm~^ Here, BESSY 
can rely on its expertise from low-momentum-compaction 
studies [11]. 

Frontend and Beamlines 

The orbit bump requires a 3.08° shift of the UE-56 
frontend and two existing beamlines, one with a plane- 
grating monochromator (PGM), the other with a spherical- 
grating monochromator. The PGM beamline will be mod- 
ified to improve the focus at the experiment, and a second 
branch will be added for femtosecond applications, where 
a coarser grating will be used to reduce pulse lengthening 
at the expense of energy resolution. 

EXPERIMENTAL STUDIES 

In order to verify the angular separation concept, the an- 
gular characteristics of radiation from the UE-56 undula- 
tor were studied experimentally and by simulation using 
the code WAVE [12]. An aperture 12 m downstream of 
the source with no optical elements inbetween was moved 
across the radiation distribution while monitoring the in- 
tensify at 708 eV behind the PGM monochromator with a 
GaAs photodiode. In order to cover a large angular range, 
the electron beam was moved by angular orbit bumps in 
0.2 mrad steps. Previous results [6] were limited by noise 
at 3 • 10~^ of the distribution maximum, while the noise 
floor of the measurement shown in figure 2 is at 10"''. 
The data closely resemble the predicted distribution (solid 
line), a convolution of the calculated single-electron radi- 
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ation characteristics and the electron distribution, assum- 
ing a Gaussian core with tails from scattering processes. 
As a consequence of the angular bumps, radiation from the 
adjacent dipole magnets appeared below IQ-^ (not shown 
in the figure). In the femtosecond facility, dipole radiation 
background will be avoided by an appropriate choice of the 
electron orbit. 

EXPECTED PERFORMANCE 

A simulation with 10^ pseudo-electrons in the laser field, 
radiating according to their angle, energy and arrival time 
in the radiator, yields the broad distribution shown in figure 
2 (dashed) from which the short pulse will be selected by 
an aperture. Its photon yield, signal-to-background ratio, 
spectrum and pulse duration can be estimated, depending 
in detail on many parameters - electron bunch and laser 
properties, background assumptions, settings of the undu- 
lator, monchromator and aperture. As an order of magni- 
tude, 10^ photons per second and 0.1% bandwidth can be 
expected to enter the beamline, if the laser repetition rate 
is 1 kHz. The measured angular distribution suggests a 
signal-to-background ratio better than 10. Thanks to the 
proximity of the radiator to the modulator, the pulse dura- 
tion will be ~ 50 fs (fwhm). 

Since the modulator is in a dispersive region, the longi- 
tudinal offset of energy-modulated electrons does not just 
increase with distance from the modulator, but is, in fact, 
a complicated function of .As shown in figure 3, an elec- 
tron with A / , == 0.01 is almost isochronous in the next 
straight section ( = 15 m) and crosses the nominal orbit at 
a large angle, allowing for angular separation of short x-ray 
pulses. One straight section further away ( = 30 m), the 
angle of the electron trajectory is small, but the horizontal 
displacement is large. For femtosecond applications, the 
longitudinal deviation (0.33 ps) can be reduced by manip- 
ulating the momentum compaction of the ring. In addition, 
it is conceivable to mne the undulatOr in this straight sec- 
tion (U-125) to the second or third harmonic of the U-139 
and test high-gain harmonic generation. 
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COHERENT SYNCHROTRON RADIATION EXPERIMENTS AT BESSY II 

K. HoUdack, P. Kuske, G. Wiistefeld (BESSY, Berlin, Germany) 
and H.-W. Hiibers (DLR, Berlin, Germany) 

Abstract 

Coherent synchrotron radiation (CSR) in the steady state 
and bursting mode is generated. The emitted radiation is 
analysed in the time and frequency domain. A step mode 
Fourier transform (FT) spectrometer is applied to analyse 
bursting CSR. 

INTRODUCTION 

Coherent synchrotron radiation in the sub-THz and THz 
range {ITHz -^ A = 0.3mm --> k = ZQcmr'^) has 
been detected at several electron storage rings [1]. The 
radiation is mostly emitted in irregular bursts, indicating a 
bunch instability. The BESSY II storage ring is presendy 
the only place, were stable CSR can be produced [2]. 
The stable CSR is generated in a special mode of the 
ring optics, the 'low alpha' optics, where the momentum 
compaction factor a can be reduced by a factor of 100 and 
more to shorten the bunches. Our present understanding 
of the bursting and stable emission process is based on an 
interaction of the bunch with its own CSR wake field [3], 
[4], [5], [6]. At these short bunches the CSR impedance 
dominates the chamber impedance. 
At currents below a threshold value, these wake fields 
lead to a static non-Gaussian, deformation of the bunches. 
The deformed bunches emit a CSR spectrum of much 
shorter wavelength than expected for purely Gaussian 
bunches. Increasing bunch current yields a larger bunch 
shape deformation and more CSR power and finally, above 
the current threshold, a bursting CSR emission. The stable 
CSR emission process is of large interest for application 
in THz spectroscopy. The application of this radiation 
for THz spectroscopy was recently shown in a dedicated 
experiment at BESSY [7]. As will be demonstrated in 
this note, in case of the bursting CSR emission good 
spectroscopic results can be achieved, if a FT spectrometer 
in the step mode is appUed. 
Moreover, the emitted bunch THz radiation opens new 
possibilities of beam diagnostics. For example, the power 
spectrum of the bunch can be measured by FT spec- 
troscopy or unstable bunch oscillations can be detected in 
real time emitted CSR. This tool becomes the better, the 
shorter the bunches, were conventional methods such as 
strip line signal detection or streak camera measurements 
reach their limits. 
In this note we present results from stable and bursting 
CSR emission. We firstly discuss the experimental set up, 
next we compare results from THz signals measured by 

a spectrum analyser and FT spectra. The emitted power 
of stable and bursting bunches is compared and finally 
high quality FT spectra measured from strongly bursting 
bunches are shown. 

EXPERIMENTAL SET UP 

it-^s. 

:iUflahL 

specfturh 
ancSyzef 

ehtemet (EPICSI revolution 
trigger 1.25 MHz 
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Figure 1: CSR detection system at the IRIS beam port. 

Part of the CSR experiments were performed while 
the storage ring optics was tuned to the 'low alpha' 
optics with reduced bunch length. Starting from values 
which correspond to values of the regular user optics 
with fsQ = 7.2kHz, ao = 7.2 • 10"^ and a zero current 
rms-bunch length of CTQ =4mm, /s(~ a^) can be lowered 
to less than 1 kHz. The 'zero current' bunch length is 
reduced in proportion with fs, however, already at rather 
low currents (10-100 /iA/bunch) there will be a bunch 
lengthening by potential well deformation. 
The THz radiation is emitted in dipoles where the vac- 
uum chamber has a full height of 35mm, and a cutoff 
wavelength of about 4 mm. The CSR experiments were 
performed at the BESSY infrared experimental place IRIS 
[8]. It has an acceptance of 60x40 mrad^ and the photon 
beam is always kept in vacuum. The experimental set up 
is shown in Fig.l.  The coUimated THz-beam leaves the 

0-7803-7738-9/03/$17.00 © 2003 IEEE 839 



Proceedings of the 2003 Particle Accelerator Conference 

vacuum section by a quartz window, then passes through 
a Martin-Puplett FT spectrometer into a liquid He cooled 
InSb-detector. The pre-amplified signal is fed through a 
lock-in amplifier and then via an ADC into the EPICS 
control system. The beam revolution frequency of 1.25 
MHz is used as the reference for the lock-in amplifier. The 
InSb-detector is sufficiently fast to resolve the beam revo- 
lution time of 800 ns. Typically 200 out of 400 rf-buckets 
were filled to get a strong signal modulation avoiding any 
base line drifts and low frequency noise. Typical current 
values are 10 to 100 /xA (5 to 50 • lO'^ electrons) per 
bunch. The equipment is sufficiently sensitive to measure 
the incoherent radiation specti-um down to current values 
of 1 /iA per bunch. 

TIME AND FREQUENCY CSR 
MEASUREMENTS 

power npttittum spectrum anatyMr 

wavBHunter I/cm 

'>7.5mA 

fTBquer^/kHz 

,>75mA 

E. S- 

ay '/ 

mA 

H»P« 

wsvenunber I/cm 
~     :—i 1— 

frequency/kHz 

Figure 2: Current dependent scan of THz records from the 
FT spectrometer (left) and the. spectrum analyser (right). 

The ternporal stability of the CSR signal can be well 
analysed by detecting sidebands of the revolution harmon- 
ics with a spectrum analyser. This is demonstrated with 
CSR signals analysed during the regular BESSY single 
bunch shift, where already CSR emission is visible at a 
low rate below 4 mA and with increasing power above 4 
mA. In Fig. 2 a sequence of coherent THz-signals as a 
fimction of the bunch current is displayed, recorded dur- 
ing beam storage time with typical life times of few hours 
and varying from 7.5 to 4 mA. The left side shows the 

THz-power spectrum from 2 cm~^ to 80 cm~^ (A = 
5 0.125mm)normalised by the incoherent spectrum of the 
same current. 
To describe the enhanced CSR compared to the incoher- 
ent power the amplification factor, p, is introduced. The 
radiated power x at the wavelength A is given by, x = 

A e(l + /A e). where « is the number of electrons, 
X the emitted power by one electron and fx is the form 

factor, fx is calculated from die square of the longitudi- 
nal FT of the charge density. From this relation we define 

F = X incoh = fx- The incoherent power spec- 
tra incoh used for normalisation were recorded with a low 
current, multi bunch filling. Below 5 cm~^ p is declin- 
ing, indicating that there might be still some coherent con- 
tent in the 'incoherent' spectra (see Fig. 2 bottom, left). 
The right part of the figure shows spectrum analyser (Ro- 
hde & Schwarz FSEK30) data of the temporal oscillation 
frequencies in the 0 to 10 kHz range. These signals are 
very sensitive to bursting emission. At 4 mA bunch cur- 
rent, CSR is emitted by a stable process, no sideband signal 
is detected with the spectrum analyser. The corresponding 
FIR spectra show intensities at around and below 10 cm~^. 
The CSR spectrum contains up to 10000 times more in- 
tensity than the incoherent one. At 4.3 mA a periodic sig- 
nal is detected with the specti^m analyser, with frequen- 
cies of about 1.3 kHz and higher harmonics. This is just 
at the threshold of the bursting process. With increasing 
current the spectral power spectrum gains intensity and is 
increasing at higher wave numbers. There are some pro- 
nounced transitions in the oscillation structure visible, im- 
mediately at 4.3,5.2,5.3 and 5.6 mA, followed by a broad 
range between 5.7 and 6.3 mA and finally above 6.4 mA 
a broad, nearly constant band of more than 10 kHz ap- 
pears with some distinct lines (Fig. 2 right side). Some- 
times these transitions are combined with sudden intensity 
changes (see Fig. 3), the full range of signal power was 
found to be increased by 45dB. 
There are tiiree cuts through the data to show better re- 
solved details, at 4.06 mA just below the bursting threshold, 
at 4.5 mA when there is periodic bursting, and at 7.5 mA 
when the bursting shows an irregular temporal pattern with 
few distinct lines on it. The THz spectra at the first two 
cuts are quite similar, at 7.5 mA, within the bursting range, 
there is a broad line building up at around 40 cm""^. 
From single bunch sti'eak camera measurements it is 
known, that the 4mA bunches are 50 % longer than the 
'zero current' value and at 7.5 mA the bunches are around 
85 % longer. This lengthening does not reduce the emis- 
sion process as one would expect from Gaussian bunches, 
it still becomes more powerful. The spectrum analyser de- 
livers a tool, to clearly distinguish between steady state and 
bursting CSR and to define the thresholds with better than 
10 /iA precision. 
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BURSTING CSR 

The power of the detector signal was recorded as a func- 
tion of the bunch current at different a settings. To have 
a well defined bunch current, this was performed in a sin- 
gle bunch measurent with a corresponding low signal in 
the steady state. The records started at currents below the 
bursting threshold. The bursting threshold is very well 
localised, as demonstrated in Fig.3, starting at very low 
current already. At small /g-frequencies corresponding to 
small a-values the recorded CSR power grows continu- 
ously with increasing beam current. In this case, all power 
of the side bands (see Fig.2 for comparison) are still within 
the 300 Hz bandwidth of the detection system. If f^ 5 
kHz the side bands could shift out of the accepted band- 
width range, leading to a strong modulations of the signal 
strength. The plots at fs=7.2 kHz are measured with and 
without the two 7 Tesla wave length shifters (wls). The in- 
creased energy spread caused by the wls probably shifts the 
bursting threshold to larger values. In all 5 records the CSR 
stays stable only up to a power level of -85dB. 
These data show, that the CSR power in the bursting case 
could be more than a factor 100 stronger (45dB), the up- 
per limit was not yet tested. For further discussion of the 
bursting threshold see [6]. The power of the incoherent 
radiation into the acceptance of the IRIS beam line was es- 
timated and scaled with the steady state radiation. An av- 
erage value of 1 mW was found, whereas for the bursting 
emission 100 mW and more could be achieved. 
The Martin-Puplett-FT spectrometer is operating in the 
step mode. At each position the spectrometer integrates 
the transmitted power for 200 ms. In case of bursting emis- 
sion this leads to very reliable spectra, useful for spectro- 
scopic applications. In Fig. 4 there are three successive 
runs demonstrating this. The life time of the beam was 
around 10 h and the synchrotron tune was /» = 1.85kHz. 
The 44.45 mA (resp. 43.91mA, 43.28mA) multi bunch cur- 
rent, distributed in 200 buckets, is about 5 times above the 

: interferogram 

-».; ,,;: 
fe=2.1SlcHz   >'< 

it 
m ■''' / fs=:5 kHz 
■o mf 
c ^K^kHz 

^ m 
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-a:;   
Single bunch currant in mA 

Figure 3: Bursting intensities at different a settings of the 
machine optics. 
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Figure 4: Interferogram and power spectra taken at strongly 
bursting CSR. 

bursting threshold. In the range from 3 to 20 cm~^ the 
reproducibility is 2 % and better. The advantage for oper- 
ating in the bursting range is the enhanced power output, 
such that strong absorbing or small samples can be probed 
in a range not accessible by other methods. 
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LATTICE OPTIONS FOR A 5 GEV LIGHT SOURCE AT CORNELL* 

I.V. Bazarovt and G.H. Hoffstaetter, Cornell University, Ithaca, NY 14850 

Abstract 

Cornell University has proposed an Energy Recovery 
Linac (ERL) based synchrotron-light facility [1] which can 
provide improved X-ray radiation due to the high beam 
quality which is available from a linac. To additionally 
utilize beam currents that are competitive with ring-based 
light sources, the linac has to operate with the novel tech- 
nique of energy recovery. Cornell plans to address the out- 
standing issues of high-current injector, higher-order mode 
damping and extraction from superconducting RF environ- 
ment, etc. in a downscaled prototype ERL prior to submit- 
ting a proposal for a full-scale machine. The flexibility of 
linacs allows for different modes of operating the ERL X- 
ray source, each of which requires specific manipulations 
of longimdinal phase-space that restrict the choice of the 
lattice. Here we discuss the different proposed modes of 
operating the ERL X-ray source and present options for 
corresponding lattices. 

INTRODUCTION 

Linac-based accelerators have the potential to deliver 
beam of exceptional quality in terms of both transverse and 
longitudinal emittance. While the former is determined pri- 
marily by the properties of the electron source, the latter 
typically is an interplay of initial bunch length, RF wave- 
form and beam optics with nonzero time of flight terms 
(sometimes referred to as momentum compaction). 

To match the natural bandwidth of X-rays in the central 
cone from an A/^-period undulator, the fractional rms energy 
spread of the electron beam has to be < (5 A'') ~ ^ (a factor of 
2 here comes from the beam energy squared dependence of 
the emitted photon energy, and the additional factor is due 
to FWHM to rms conversion of the radiation bandwidth 
~ 1/A''). This way spectral brightness in the fundamental 
is guaranteed to increase proportionally with the number of 
undulator periods. When linac-based accelerators reduce 
the beam energy spread to values below those achievable 
with storage rings, efficient use of very long undulators be- 
comes possible, improving monochromaticity of X-rays. 

The much shorter bunch length than that from storage 
rings is thought to enable new areas of ultra-fast X-ray sci- 
ence. Herein, we address longitudinal phase-space manip- 
ulations feasible in an ERL and consider various options 
for lattices and regimes of operation of such a light source. 

The electron beam is created in a source [2], in which 
the space charge forces create an effective randomization of 
phase-space positions, so that we here assume a Gaussian 

* Work supported by Cornell University 
t bazarov@comell.edu 

beam in the longitudinal phase-space between the injector 
system and the linac. In the Cornell project, beam energy is 
planed to be 10 MeV at that region. The bunch length and 
energy spread are planed to be a^,^ = 0.64 mm and ag^ = 
10"^. An energy recovering linac will accelerate this beam 
to 5 GeV. Magnetic lattice after the linac with adjustable 
time of flight terms, together with an off-crest acceleration 
of the beam, will then be used to reduce the bunch length 
to the desired amount. We herein compute limits on the 
achievable bunch length and provide analytical expressions 
that describe longitudinal dynamics in an ERL. 

ANALYTICAL EXPRESSIONS 

Significant insight into the beam's longitudinal phase- 
space after the linac and the bunch compressor can be ob- 
tained by investigating higher-order transfer maps. These 
describe the change of the phase-space variables, 5 (frac- 
tional energy deviation from that of central ray) and z (dif- 
ference of path lengths between a particle and that of cen- 
tral particle respectively) by a Taylor series. We will indi- 
cate phase-space coordinates between injector and linac by 
an index 0, after the linac by an index 1, and after the bunch 
compressor by an index 2. Retaining leading orders only, 
one writes: 

^1 
En Oi2 OiZ 

■Jo + OL^ZQ + —zl -F -^zl + • • (1) -El " ■ "^'" ■ 2!"^ ' 3! 

The first term, (5o, is due to the uncorrelated energy spread 
after the injector, normalized by the full beam energy, Q„ 

is partial derivative at the location of the central ray: a„ = 
^"<^i/S^?U=o- Injected beam is accelerated from energy 
EQ to Ex according to EX-EQ = E^^ COS(</J + kRpZo), 
i.e. coefficients Q;„ are: 

a2n-i    =    (-1)" 
S, 'max , 2n 

ri 
Ex 

Err 

'RF   sm^s, 

a2n   =    (-l)"-^fc|3.cosv., 

here E^ax is the maximum energy gain in the linac, (p is 
the off-crest phase, and knp = 27 m-^ is the wave number 
corresponding to the fundamental RF frequency. Note that 
we have transformed the particle position z into a time of 
flight term assuming that the velocity is c along the com- 
plete linac. Assuming a Gaussian beam between injector 
and linac with rms bunch length a^^ = ^/lz^ of the in- 
jected bunch and no initial energy-length correlation, the 
rms energy spread a^^ = (AJj), with AJi = Si - {6i), 
and emittance e^^ = {z^){ASl) - {zi^Si^ after the linac 
become 

< =    (1^^^°) 2„2   , o^i + 2Q;2a3 + «o + -'zO + 
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'i = (f ^*v ^2     1   "2 ^6     , 

The energy spread from the injector, ^us^ « 2 x 10~®, 
is extremely small and will be neglected here, CT^Q = 0.64 
mm corresponds to o- = 0.017 = 1° of the 1.3 GHz RF 
phase or 2.1 ps. The off-crest RF-phase </? < 1. Thus, for 
all practical cases of interest, energy spread and emittance 
are estimated as 

^1 (2) 

here the bunch length and emittance without a subscript ^ 
are given in units of the RF phase, i.e a = hRpc^z and 

Bunch compression 

After an achromat, i.e. when only purely chromatic 
terms matter but transverse particle coordinates do not in- 
fluence the time of flight, longitudinal phase-space trans- 
form using TRANSPORT notations is written as: 

Z2 = zx + R56S1 + Tsee^i + f/5666^1 + • • • , 
^2 = ^1 . 

(3) 

Inserting 61 from equation (1) leads to the function 
Z2{zo,6o)- Ignoring the energy spread ^crso due to the 
injector leads to 

22 (1 + R56ai)zo + (Tseea? + Rm^)zl 

OLZ, 
+     (C^5666a?+T566Q!ia2-h-R56-^)20 + ---- o 

Since the initial coordinates ZQ and Jo are distributed by a 
Gaussian, the rms bunch length after the bunch compressor 
•^22 = {^2) ~ (^2)^ evaluates to 

(1 + E56ai)V^o + 2(T566a? + iisey )'^', zO 

+6(1 + R56ai)iU56mal + T5&&axa2 + i?56^)cT^o-   (4) 

When the first and second order optics is chosen to min- 
imize the bunch length, R^^ = -1/ai and T566 = 
Q2/(2Q;f), the final bunching is given by 

'^z2 = 15(t/5666Cll + 
3     3Q| -aiaz^2 6 

6a? )v; zO (5) 

After the third order bunch compression with I/5666 
(diQa — 3a2)/(6Qi) the leading order term becomes 

a^2 = 96(V56666Q:I - 
4     ISal ~ 10QIQ2CK3 + a\an.2 s 

2Aal f< 20 

(6) 
It is instructive to estimate various terms in expressions 

(4-6) in case of bunch compression to different order as- 
suming typical ERL parameters, e.g. a = 1°, ip = 10°. 

The leading order in the initial energy spread a^^ of the 
rms bunch length after the bunch compressor is neglected 
in equation (4) since it is very small. In case of linear 
bunch compression, R^^ = -l/ai, it only amounts to 
R ■56 £^0-50 2 X \Q-^/{kRF'p) = c • 1.4 fs. In case of 
an ideally linear compressor, i.e. T566 = U^me = 0, equa- 
tion (4) is estimated to Oz^ « a^/{V2kRF(p) = c • 150 
fs. When the second order time of flight term is chosen 
for second order bunch compression, equation (5) leads 
to 0-22 « vT5<T^/(2fcflF</'^) = c • 40 fs. Expression (5) 
provides maximum compression for the parameters R^e w 
f^Rp/f = 21 cm, T566 « fc^F/(2v^) = 3.4 m. The third 
order bunch compression would be obtained for C/5666 ^ 
^RF/C^f^) = 113 m. Assuming V56666 = 0, equation (6) 
then leads to 0-^2 « 15O-^/(-\/6A;HFV^) = C • 13 fs. 

Note that RSQ, T566, and C/5666 should be of the same 
sign. Although achieving this is very hard in a conven- 
tional chicane bunch compressor [3], it can be done with 
relatively small effort in the arc of a flexible storage ring 
[4]. 

It is also straightforward to estimate tolerances for the 
RF phase f from (4). If the optics were adjusted to third 
order bunch compression for a phase (p and the phase var- 
ied by Acp, the bunch length would change by (-^^)^ = 

(^)'[1 + 8(5)2 + 2a^] « {^)\ Again, forle ex- 
ample at hand, assuming that tolerable bunch lengthening 
from RF phase errors is Acr^^ = c • 50 f s, the allowed phase 
jitter is estimated to be 0.2°. Assuming state-of-the-art RF 
phase stability of 0.1°, the bunch length would be stable 
up to 20 fs. Since a better stability seems unrealistic, this 
suggests that a bunch compression of higher order than 2 
will not lead to further improvements. 

Energy Recovery 

Energy recovery requires that the accelerated bunch 
passes through the linac a second time with a phase shift of 
■K with respect to the first pass. This puts constraints on the 
time of flight terms of the lattice. Ideally, the lattice should 
be isochronous (including higher orders), so that the RF 
waveform that the linac imposes in the longitudinal phase- 
space is cancelled when the bunch passes through the linac 
the second time. 

For slight deviations from isochronicity, it is sufficient to 
analyze the energy distribution at the location of the beam 
dump, indicated by an index 3: 

E3 = Eo+ 2£;„,ax sm[ip + kRF{zQ + ^)] sin kRF^, 
^3 = 20 + Az. 

(7) 
Here Az = 22(20, <^o) — zo is a position shift of a particle 
in the bunch that was initially at ZQ, which it experiences 
due to nonzero time of flight terms of the recirculating arc. 

If a lattice deviates significantly from the isochronous 
condition, the two RF waveforms will not cancel out and 
some parts of the bunch can have an energy deviation from 
the mean energy that is relatively large compared to the 
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ejection energy. This is especially severe for particles with 
less energy than the mean, since they can be over-focused 
and lost in the last section of linac. Such scenario can be 
avoided by proper control of the time of flight terms of the 
return arc. 

An additional energy loss due to synchrotron radiation m 
the recirculating arc has to be included in equation (7), ef- 
fectively lowering the injection energy EQ. In case when 
kRFZo < V' < 1. the condition for successful energy 
recovery simplifies to -EmaxfkRpAz «: EQ, e.g. for 
^max = 5 GeV, EQ = 10 McV, and (p = 10°, the shift Az 
of any electron's position in the bunch after the return arc 
should be less than 0.4 mm. Note that the sign is important 
here, since only particles with too litde energy are lost in 
the linac. 

LATTICE OPTIONS 

Optics of the Return Arc 

The requirements for the optics of tiie remm arc include: 
adjustable time of flight terms, dispersion-free regions for 
insertion devices, and low aberrations for emittance preser- 
vation. Different approaches were considered such as a lat- 
tice composed of identical achromats with adjustable R56, 
etc. We favor a lattice design with non-periodic Twiss pa- 
rameters, where negative dispersion of several meters is 
generated at certain locations, as opposed to a more con- 
ventional lattice made of compact achromatic cells with 
intrinsically small dispersion. Our choice aflows effec- 
tive control of higher-order time of flight terms with only 
a few moderately strong sextupoles for the whole return 
arc. Such an approach has been used in the design of an 
ERL in the CESR tunnel [4]. Furthermore, it was discov- 
ered fliat the only important terms for clean transport of 
the transverse phase-space for a beam with ERL param- 
eters are the purely chromatic ones, thus, a lattice with 
corrected second-order dispersion Tiee and its derivative 
7266 has sufficiendy low aberrations to enable transport of 
low emittance ERL beam for all practical cases with virtu- 
ally no emittance growth due to nonlinearities in transverse 
phase-space. Therefore, a second-order achromat where 
both geometric and chromatic aberrations cancel to zero 
is thought to be an unnecessary sophistication, especially 
since its qualities are achieved at the expense of relatively 
inflexible higher-order time of flight terms [3]. 

Linac optics 

Various linac configurations are under consideration for 
ERLs. These include single-pass sti-aight-section RF struc- 
tures, split linac arrangement, and multi-pass scenarios. 
Computer simulations of beam break-up instability [5], [6] 
suggest that a single-pass configuration is essential for a 
high-current (~ 100 mA) machine assuming state-of-the- 
art damping of higher-order modes in superconducting RF 
cavities, although for a lower current ERL a multi-pass 
scheme seems very attractive. 

A single-pass straight-section linac is thought to have an 
advantage of containing a minimal number of bend sections 
and reducing the danger of coherent synchrotron radiation 
effects, i.e. the linac could be used to produce very short, 
high brightoess electron bunches, which might be of use 
for certain applications (e.g. for SASE produced light). On 
the other hand, the split linac option allows better control 
of the transverse beam envelope due to smaller mismatch 
of the accelerated and decelerated beam energies m each 
of the linac sections. Furthermore, a split linac can allow 
advanced longitudinal phase-space manipulations, such as 
energy spread compression. It is clear from equation (2) 
that the minimum energy spread is achieved for on-crest 
running and scales as the bunch length squared. On the 
other hand, longer bunches are preferable since they pro- 
duce less higher-order mode power. Also, longer bunches 
require less compression in the injector at low energies, 
leading to better transverse emittances. 

As an illustration, consider a linac split in two parts sepa- 
rated by a transport line with adjustable time of flight terms. 
The first section is operated with nonzero phase tp, which 
generates a correlated energy spread. One flien uses this 
spread to induce a positive quadratic term in S{z). The sec- 
ond section runs with a phase of -(p removing both the lin- 
ear and quadratic correlation and leading to a small energy 
spread after the second linac section. The optimum condi- 
tion for the transport line separating the two linac parts in 
this case is given by R^e = 0, Tsee = ai/af « k^]r/<p^ 
and C/5666 = 0. The remaining leading order in the en- 
ergy spread for this case, and witii Fgeeea = 0, becomes 

(Ts, « Sy'l^. E.g. for a bunch length of CT = 1.5° and 

(f) = 10°, one obtains cr^i = 9 x 10"^. For longer bunches 
the remaining energy spread would quickly become worse. 
Also, the RF tolerances set a limit to the smallest energy 
spread achievable with this scheme. If there is a mismatch 
Aip between the phases of the two sections, the energy 
spread is limited to a \A(p\ /2. Thus, to preserve the small 
energy spread in the given example, the phase mismatch 
Aip has to be A^ < 0.4°. 
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LIFETIME REDUCTION DUE TO INSERTION DEVICES AT BESSY II* 

J. Feikes, G. Wuestefeld, BESSY, Berlin, Germany 

Abstract 

After closing insertion devices at BESSYII to smallest 
gaps beside appearance of a vertical tune-shift due to the 
natural focussing of the IDs, it is observed that beam life- 
time is considerably reduced, up to 30 %. The reduction 
neither depends on machine tune nor on the settings of the 
four BESSY n harmonic sextupole circuits. Here measure- 
ments and analytical results to explain and cure this effect 
are presented. 

INTRODUCTION 

The 3rd generation light source BESSY n acmally has 
12 insertion devices in user operation [1]. A few of them 
have an impact on the machine performance when they are 
turned on. An important issue is the observed reduction of 
beam lifetime due to the closing of the undulators to nar- 
row gaps. Typical lifetime values at 250 mA stored current, 
the standard value at injection, are 5h - 8h with all gaps 
opened. This can go down by 30-40 % to 3h - 5h when 
the most harmful IDs are closed. Lifetime reduction leads 
to the need of shorter injection intervals and subsequent a 
loss of user beam time as data taking during injection is 
not possible. Investigating these lifetime reductions we re- 
vealed that one has to distinguish between two different 
phenomena: 

- lifetime reduction effects strongly depending on the ma- 
chine tune 

- lifetime reduction effects not depending on tunes but on 
the optics distortion cause by the ID. 

Both effects may occur at the same time. Here it is reported 
on activities to cure them. 

;;;':?,'t^:i>>:.i4i^ curTent*tifetime 
mA*h 

-25 -20 -15 -10  -5    0     5    10   15  20  25 
CurrenfLifetime vs. transv. Tune shift in kHz. 

2   ■ 

1 urrent'itfetime 
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Current'Lifetima vs. transv.Tune shift in kHz. 

Figure 1: Tune scans with ID UE56 open (above) and 
closed to 16.6 mm (below). Parameter shown in colour 
code is current x lifetime in mA*h. Center points mark 
the actual working point at fx=1060kHz fz=925 kHz 
(17.848/6.74). BESSY H revolution frequency is 1249 
kHz. 

TUNE DEPENDENT EFFECTS 

TUNE SCANS 

When the IJE56 undulator went into user operation at 
BESSY n it was realized that beam lifetime changed ac- 
cording to gap position. As this was a tune dependent ef- 
fect, systematic tune scans around the working points had 
been performed (see also [2]). One scan lasts about 8 hours 
and data like lifetime, beam loss monitor rates and source 
sizes at the pinhole monitors were taken at approximately 
2000 different pairs of values for the two transversal tunes. 
As an example in Fig. 1 the product current x lifetime (nor- 
malized to the current value at start of the scan) is painted in 
a colour code vs. the horizontal and vertical frequency shift 

* This Work is funded by the Bundesministerium fr Bildung, Wis- 
senschaft, Forschung und Technologie and by the Land Berlin. 

of the tune given in kHz. The beam revolution frequency 
is 1249 kHz, so the total axis range of 50 kHz corresponds 
to a fractional tune variation of 0.04. With all IDs opened 
only a vertical fourth order resonance at /j; « -H20 kHz cor- 
responding to 4 Qz=27 is present. After closing the UE56 a 
squew octupole resonance appears (in the lower part of the 
diagram) with a lifetime degradation of up to 50 % relative 
to its value at open gaps. Initially the working point was lo- 
cated on that resonance but readjusted now vertically -H20 

kHz higher, about A(3z=0.016 away from this resonance. 
The source of that fields driving this resonance could be 
identified [1]. and removed. The newly installed apple type 
IDs excite these resonances to a much less extent. 
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FEEDFORWARD 

When all IDs are closed, their natural focussing induce 
a vertical tune shift of A /z=+90 kHz (A(3z=0.072) much 
larger than the distance to the ID induced resonances. In or- 
der to fix the tune, a feedforward program for each ID was 
installed based on the SDDS toolkit [4] ^ The BESSY H op- 
tics consists of 16 double bend achromats and 16 straight 
sections [3]. Located outside the achromats there are 40 
independent tunable quadrapole circuits each consisting of 
2 quadrupoles. Standard tune correction is achieved with 
32 of that circuits - the resting 8 circuits are used to de- 
fine the horizontal betafunction in the straights. 16 circuits 
act focussing (F) and 16 are defocussing (D). Normally the 
tune is changed in a global way, which means that all F or 
D quadrupoles are changed by the same amount. Also the 
standard feedforward corrects in a global way adding the 
same increment to all F or D quadrupole power supplies 
with an amount depending on the value of the ID gap under 
consideration. Fig. 2 shows shifts of the vertical tune with 
feedforward "on" and "off' while ID gaps are changed. 
In this example a vertical tune shift of A/2=+80 kHz 
(A<32=0.064) without feedforward is reduced to +5 kHz, 
sufficiently small to avoid any resonance. The horizontal 
tune keeps constant within +1-2 kHz as well. Because the 
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Figure 2: Upper picture: ID gaps in mm over time in sec- 
onds lower picture: corresponding value of vertical tune. 

reference orbit keeps carefully centered in the quadrupoles 

'Now most of the BESSYII feedfoward files operate under a new writ- 
ten program, based on a data bank system 

routinely aligned by a beam based calibration, orbit sta- 
bility is not affected despite the permanent changes in the 
quadrupole strengths due to ID movements. 

DYNAMIC EFFECTS 

OBSERVATlOm 

Even with fixed tunes the strongest IDs (like the U125 
producing a vertical tune shift of 28 kHz at its minimum 
gap of 15.7 mm) show considerable lifetime reductions. A 
tune scan does not reveal any resonance excitation, but the 
decrease of lifetime is independent of the working point. 
More observations: 
- relative reduction of lifetime as function of gap runs par- 
allel to the vertical tuneshift with gap 
- optimum settings for harmonic sextupoles are indepen- 
dent of the value of the undulator gap 
- a scraper measurements with gap open and closed does 
not give any hint on reduction of transversal aperture 
- measurement of dynamic aperture using pinger magnets 
show that it is considerably reduced when ID gap is at clos- 
est value 
- measurement of lifetime vs. cavity voltage shows that RF 
aperture is reduced from about 2.4 % (gap at 150 mm) to 
about 2.1 % (gap at 15.7 mm) 
- only Touschek lifetime is reduced. Analysis of life- 
time reductions with 100 mA beam current in 50 and 350 
bunches and 0.25 -10 mA in a single bunch show that vac- 
uum related lifetime contributions are not notably affected 
- the effect depends on the transverse beam size (coupling). 

OPTIC DISTORTIONS AND LIFETIME 

Beside a tune shift the insertions generate also distor- 
tions of the optical functions. In order to compensate them, 
the strongest (U125) had a modified feedforward compen- 
sation ("local compensation") which beside the tune, also 
corrected the ID generated beta beat. This was achieved 
by powering that quadrupoles located in the same straight 
section as the ID with separate values from the others ^. Re- 
duction of beta beat was confirmed by direct beta function 
measurements (using the "golden rule"). But when closing 
the U125 gap to its narrowest value with this local feed- 
forward, it was observed that life time degradation became 
worse, now 24 % instead of 16% (value with global feed- 
forward active). As well as the origin of the effect this also 
had to be explained. 

A tracking study (using MAD) of the complete nonlin- 
ear BESSY II optics predicts that the optical impact of the 
U125 reduces the dynamic aperture for off energy parti- 
cles. Tracking results show that this does not only de- 
pend on the beat of the vertical beta functions, but even 

^Simply compensating the natural tune shift of an undulator by the ad- 
jacent quadrupoles would strongly increase the beta beat in that straight. 
We used another method, adding about the same tune shift with the adja- 
cent quadrupoles as that produced by the ID and then compensating the 
sum of both shifts in a global way. By this means beta beat keeps small 
everywhere. 
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stronger on the beat of the vertical beta phase. As an ex- 
planation for the life time reduction effect this is in accor- 
dance with all the observations stated above. As a con- 
sequence it was searched for a new feedforward scheme 
were not only the tune and the beta beat were corrected 
but also the vertical phase jump was kept localized. Fitting 
runs with MAD result in a feedforward pattern where all 
40 available quadrupole circuits had to be used and each 
of them had a different but modest correcting strength (re- 
specting the symmetry to the distortion). Fig 3 shows the 
relative change of each quadrupole strength due to the cor- 
rection from the improved feedforward correction for nar- 
rowest gap of U125. The theoretically predicted distortion 

Figure 3: Relative change of quadrupole strength due to 
action of the improved feedforward scheme. 

of optical functions in four different feedforward schemes 
is shown in Fig 4 and Fig 5.The schemes are: 

"no correction" - without feedforward 

"improved correction"- scheme shown in Fig 3 

"local tune correction" - correction of tune shift by only 
powering of adjacent quadrupoles 

"global tune correction" - uniformly distributed correction. 

We tried all these schemes at the U125. The predicted beta 
beats could be confirmed by direct beta function measure- 
ments. 

Using the improved feedforward scheme life time reduc- 
tion caused by the U125 could be improved from 16 % to 
10% demonstrating that indeed phase beating is crucial in 
maintaining the dynamic aperture. Currently a very strong 
wiggler with a tune shift of A/z=+100 kHz and a accord- 
ingly strong impact on dynamic aperture started commis- 
sioning. In a first measurement at very low beam currents 
it was shown that an improved feedforward for this device 
also recovered considerably life time. 

CONCLUSION 

Effects depending on tune could be cured by: 

- proper choice of working point 

- fixing the working points using a feedforward. 

- removing the resonance source inside the ID 
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Figure 4: Vertical beta beat in % due to U125 
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Figure 5: Vertical phase beat in % due to U125 

Not tune dependent effects could be traced down to be 
caused by a reduction of dynamic aperture for off-energy 
electrons. A cure was found which partially restored life- 
time, using a special scheme of distributing the correcting 
quadrupoles strength used in the feedforward correction. 
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A LATTICE FOR A 5 GeV ERL IN THE CESR TUNNEL* 

G.H. Hoffstaettert, I.V. Bazarov, D. Sagan, R. Talman 

Abstract 

It has been proposed to build an Energy-Recovery Linac 
(ERL) based synchrotron-light facility at Cornell. Due to 
the high beam quality of a linac with photo injector, such 
a facility has the potential to provide better X-ray radiation 
than ring-based sources. To take advantage of the existing 
circular accelerator CESR for this 5 GeV ERL, it has been 
suggested that the linac should be split in sections that are 
at angles to each other and that half the CESR ring should 
be used as a return arc to connect the end of the last linac 
section to the beginning of the first. Here we specify the 
minimum optical requirements on such a layout and show 
a possible lattice for an ERL that uses CESR. 

INTRODUCTION 

Linear accelerators with a photo-emission electron 
source can produce transverse emittances and bunch 
lengths that are significantly smaller than those of storage 
rings. To build a light source that profits from this better 
beam, one has to accelerate to energies (several GeV) and 
use currents (several lOOmA) that are typical for storage 
ring based light sources. This would require that klystrons 
deliver a power of order 1 GW to the beam. Without some- 
how recovering this energy after the beam has been used, 
such a linac would be practically unfeasible. 

Energy recovery can be achieved when the high energy 
electrons are used to generate cavity fields which in turn 
accelerate new electrons to high energy. Since the high 
energy electron beam then delivers most of the RF power 
to the cavities, the required klystron power is very much 
reduced. However, to continuously transfer field energy 
from electrons to the RF cavities and back to new elec- 
trons, it is essential that the cavities are continuously filled 
with field energy and thus are operated in continuous wave 
(CW) mode. Therefore, cavities of an ERL should be super 
conducting (SC) since only SC cavities can achieve high 
fields in CW operation. 

Since neither an electron source, nor an injector system, 
nor an ERL, has ever been built for the required large beam 
powers and small transverse and longitudinal emittances, 
the Wilson laboratory at Cornell University plans to build 
a prototype facility [1] that can verify the functionality of 
all essential devices and physical processes before endeav- 
oring onto a large user facility. 

While serving high-energy experiments, CESR has been 
used as the second generation synchrotron light source 
CHESS at 5 GeV. As a futtire light source for this labo- 

* Work supported by Cornell University 
t GeorE.Hoffstaetter@comell.edu 

Figure 1: An ERL in an extended CESR tunnel 

ratory, an ERL seems ideal. It can enlarge the wide range 
of applications of third generation light sources by produc- 
ing beams similar to their CW beams, albeit with higher 
brilliance due to the much smaller horizontal emittance 
and possibly smaller energy spread. At the same time, it 
can serve more specialized experiments that require ultra 
small emittances for high spacial resolution or ultra short 
bunches for high temporal resolution [2]. After a success- 
ful prototype operation, it is therefore planed to build a 
large scale ERL light source at Cornell University. The cur- 
rent scheme has bunches of 77pC at flie 1.3 GHz repetition 
rate of SC TESLA cavities with 20 MV/m, constituting a 
lOOmA electron beam at 5 GeV. The normalized emittance 
should be 2/xm and two operation modes should be possi- 
ble: 2ps operation and short-bunch operation with less than 
lOOfs. 

AN ERL IN THE CESR TUNNEL 

How the futtire light source at Cornell should be con- 
sttucted is currentiy under investigation. Here we present 
an option that takes advantage of CESR, which will no 
longer be needed for high energy physics experiments af- 
ter the CESR-c/CLEO-c project is phased down in about 
5 years [3]. We have made a design that tiies to reuse as 
much as possible of CESR. Whenever something could not 
be reused, we showed why not. While this sttidy could 
have shown that the constraints of reusing the CESR tun- 
nel are too tight, quite contrary it has ttimed out that the 
CESR ttinnel could be extended for an ERL. This acceler- 
ator would reuse the ttinnel, some components, and the in- 
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frastructure of CESR. The required extension of the tunnel 
is shown in Fig. 1. The three straight sections of the tun- 
nel extension would house SC linacs of 140ni, 100m, and 
140m length. They are separated by arcs of 65m radius. A 
10 MeV injector would send electrons from the South into 
the West straight section. These electrons would emerge 
from the third straight section with an energy of 5 GeV. 
The South half of the CESR tunnel would contain undula- 
tors and would return the electrons to the first linac section. 
There they enter the linac on the decelerating phase, thus 
each electron transfers its energy back to the cavities and 
emerges after the third straight section with 10 MeV into a 
dump. 

The Site 

In order to limit the cost of cooling, the accelerating gra- 
dient of the SC cavities should not exceed 20 MV/m. Thus, 
250m of cavities would lead to 5 GeV of beam energy. 
However, much more space is required for the linac, since 
higher order mode (HOM) dampers and connecting tubes 
have to be places after each cavity and 2 quadrupoles have 
to be placed after each cryomodule of 8 cavities. Our anal- 
ysis, which is based on 1.3 GHz cavities of the TESLA de- 
sign, on four HOM couplers of the TTF type per cavity, and 
on one ferrite HOM damper of the CESR type per cavity, 
showed that for a beam tube radius of 39mm we could not 
obtain a fill factor larger than 67%. The total linac length 
would therefore have to be at least 373m. The tunnel ex- 
tension shown in Fig. 1 has three straight sections with a 
total length of 380m. An extension of the CESR tunnel 
under the Cornell campus could infringe with existing and 
planed buildings and with infrastructure like power, water, 
or steam lines. A survey revealed that the top of the ex- 
tended tunnel is nowhere closer to a steam line than 9.8m 
and nowhere closer to a foundation than 11.3m. 

X-ray Needs 

Before an ERL design could be made, it had to be de- 
termined how many undulators the X-ray users need and 
what types of undulator should be chosen. Together with 
the CHESS laboratory, it was decided that an initial de- 
sign should contain two short undulators of 2m length, four 
with 5m length, and one 25m long undulator made of 5 
modules. The beta functions should be Im, 2.5m, and 
12.5m in the center of these undulators respectively. The 
Im beta function is designed for the production of micro 
beams, but a flexible lattice can produce larger beta func- 
tions easily. A facility with 7 undulators is relatively small, 
but considering that Comell is a university and not a large 
national laboratory, this size might be favorable. Further- 
more, it had to be decided how many undulators should be 
served with bunch length below lOOfs. In this initial study 
only the 25m long undulator was required to have bunches 
with lOOfs length. In short-bunch operation, the other un- 
dulators would have bunches of between 140fs and 600fs 
length. 
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Figure 2: Beta functions at the start of the linac 

Linac with Bends 

While the necessity of segmenting the linac by bend sec- 
tions initially seems unfortunate, it can have unexpected 
advantages for an ERL. The linac in an ERL contains one 
accelerating and one decelerating beam simultaneously, 
and these beams will have different paths in the bend sec- 
tions. The two beams therefore have to be separated after 
the first bending magnet, then they have to be guided in 
two separate beam lines to be finally recombined in the last 
bending magnet. The advantage that such an arrangement 
can have over a 380m long linac is that the particle optics 
of the two different beams can be influenced separately in 
the two beam lines. While the two beams with initially 
very different energies (5 GeV vs. 10 MeV at injection) 
have to be guided by a common optical system for 380m 
in a single linac, in our design only 140m long sections are 
common to both beams. Consequentiy it is more difficult 
to find an acceptable optics for a straight linac, and in an 
initial design [2] a quadrupole triplet was needed after ev- 
ery cryomodule. In the design for the CESR extension that 
is shown in Fig. 2, only a quadrupole doublets of the TTF 
type are used. Only the first 50m are shown for the low 
energy (top) and the high energy (bottom) beam. Here, the 
second, third, and fourth cavity are operated 90 ° off crest, 
so that they only influence the longitudinal phase space but 
do not accelerate. This allows the beam to pass its focus at 
4m without being over-focused by the RF field. 

The threshold current of the beam breakup (BBU) in- 
stability has been calculated for this optics [5]. As in the 
analysis of a straight linac in [2], the HOM spectrum of 
TTF cavities was used and a BBU limit between 100 and 

849 



Proceedings of the 2003 Particle Accelerator Conference 

ISO.      200.      250.      300.      350. 

Figure 3: Beta functions and dispersion in the arc 

200niA was computed. 

Arc Optics 

We studied whether a favorable optics can be found 
for the CESR South arc in spite of the constraints im- 
posed by the existing tunnel. To reuse as much as pos- 
sible from CESR, we maintained the bending magnets and 
quadrupoles in dieir current positions and only replaced the 
regions where the undulators would be installed. Each un- 
dulator has two matching quadrupoles at each side and is 
separated from the next undulator by a three-bend achro- 
mate. Finding an optics for the operation with 2ps bunch 
length turned out to be relatively simple. The matching 
constraint were: =lm, 2.5m, 2.5m, 12.5m, 2.5m, 2.5m, 
Im in the seven successive undulators, and    =0,     =0, 

' = 0 in these seven places. 
The optics for an rms bunch length of lOOfs has to ful- 

fill several additional requirements. The RF acceleration 
phase    and the first and second order time of flight terms 

56 and 566 of the first half of the arc have to be chosen 
to yield the desired bunch length in the central undulator 
[4]. For the second half of the return arc, 56 and 566 are 
determined by minimizing the energy spread after deceler- 
ation. The beta function and the dispersion for the return 
arc are shown in Fig. 3. Even though the magnet arrange- 
ment is symmetric around the center of the arc, the optics 
functions are not symmetric since the conditions for 55 
and   566 are different for the two halves. 

The second order time of flight term see is influenced 
by sextupoles and has to have the same sign as 56. This 
is hard to achieve in the achromatic arrangements that have 
been proposed for this purpose. However, with the FODO 
like optics of the CESR arc this can be achieved with rela- 
tively weak sexmpoles. This advantage is due to the large 
dispersion after the linac. 

The nonlinear dynamics in sextupoles can increase the 
emittance. However, due to the weak sextupoles and the 
small transverse beam size, the dynamics is so weakly non- 
linear that only the second order dispersion lee and its 
slope 266 had to be eliminated in the center of the return 
arc. The second order conditions on   566,   166 and   266 

were satisfied by three sextupoles on each side of the arc 
close to the three maxima of the dispersion in Fig. 3. 

For short-bunch operation, coherent synchrotron radia- 
tion (CSR) can also increase the emittance. The emittance 
growth was computed with the code ELEGANT and is 
shown in Fig. 4. Since the beam dilution due to the non- 
linear dispersion is included, the emittance is shown to de- 
crease where the second order dispersion is corrected. In 
the central undulator, the emittance for lOOfs bunch length 
has only increased by a factor of 1.8. To limit the emittance 
growth, it was found prohibitive to compress the bunch 
length to its minunum since this creates a spike in the lon- 
gitudinal density and strongly enhances CSR. We therefore 
increased to obtain lOOfs bunches without full compres- 
sion. 

O so       1   00    1   50    200    250    300    350 

Figure 4: Effective emittance along the arc 

CONCLUSION 

The possibility of extending the CESR tunnel to include 
an ERL has been investigated. Geographically such an ex- 
tension is possible. Furthermore, a suitable optics for the 
linac and for the return arc has been found that supports 
sub lOOfs bunch lengths. The required dipole, quadrupole, 
and sextupole magnets are about as strong as the magnets 
of CESR. 
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CHROMATICITY MEASUREMENTS IN THE ESRF BOOSTER 

Y. Papaphilippou, G. Chazot, J.M. Koch, E. Plouviez, J.L. Revol, A. Ropert, ESRF, Grenoble, France 

Abstract 

In view of optimising the performance of the ESRF 
Booster, a series of experiments have been conducted in 
order to measure the chromaticity during the cycle for dif- 
ferent sextupole settings. To this end, the betatron tunes 
were measured for different values of the RF frequency us- 
ing the new tune-meter application. The experimental re- 
sults were finally analysed and compared to theoretical data 
of the Booster model, showing good agreement. 

THE ESRF BOOSTER 

The ESRF Booster is a 300 m electron synchrotron which 
serves as the injector to the ESRF storage ring [1]. It accel- 
erates electrons, coming from a 200 MeV linac, to a final 
energy of 6 GeV in 50ms and extracts them into the storage 
ring with a repetition rate of 1-10 Hz. The lattice is based 
on a FODO structure with a missing dipole, forming 39 
cells with 12 straight sections and respecting a 3-fold sym- 
metry. All magnets of the same family are independently 
powered by a resonant "white circuit", cycling at 10 Hz. 
The optics functions computed with MAD [2], along one 
super-period, for the nominal working point at injection 
(11.8,9.8), are pictured in Fig. 1 and a set of basic Booster 
parameters is displayed in Tab. 1. 

Table 1: Main ESRF Booster parameters. 
Parameter Value 
Circumference C 299.622 m 
Extraction Energy Eext 6 GeV 
Repetition rate /rep 1-10 Hz 
Harmonic number h 352 
Accelerating cycle tcycie 50 ms 
Working point {Q^, Qy) (11.8,9.8) 
Momentum compaction factor QC 9.6 10-3 
Emittances at 6GeV (ex;ext, ex;ext) (120,3) nmrad 
Energy spread at 6GeV {5E/E\ya 1.1 10-3 
Bunch length Is 2.61 cm (87 ps) 
Nominal current /„om (long bunch) 5mA 

The chromaticity control is essential for the good per- 
formance of the Booster, especially at low energies. A 
new challenge under development is the cleaning of par- 
asitic bunches inside the Booster [3]. This process, usually 
done in the storage ring, will enhance the bunch purity, im- 
proving the performance, especially of the "few-bunches" 
modes available for users at the ESRF, in the newly im- 
plemented "front-end" open operation procedure. For this 
purpose, the control of beam parameters such as the tune 
or the chromaticity are fundamental. 

Two families of 21 horizontal and 30 vertical sextupoles 
are used to control the chromaticity in the Booster. A large 

Figure 1: Horizontal (blue), vertical (red) /? functions and 
dispersion (green) of the Booster for the nominal tunes. 

amount of theoretical and experimental studies were per- 
formed a few years ago [4], including chromaticity mea- 
surements [5]. However, due to the poor performance of 
the tune meter, the accuracy of these measurements was 
not better than 10% as compared to theoretical calcula- 
tions, especially for the horizontal plane. With a new tune 
monitor system installed, we aimed to improve these mea- 
surements with respect to precision and reproducibility. 
The method for measuring the chromaticity is straightfor- 
ward: the RF frequency is varied and thus the momentum 
spread of the beam is changed. For small variations, the 
chromaticity should be a linear function of the tune shift, 

ix,y = —ctcfitF Ah^■ ^°^^ *^^ '•^^ momentum com- 
paction factor ac is normally a constant depending on the 
lattice. An independent measurement of this parameter can 
be done through the measurement of the sychnotron fre- 
quency for different accelerating voltages [4]. Taking into 
account the difficulty and the error introduced by this mea- 
surement, theoretical values were used, following previous 
experience. 

TUNE MEASUREMENTS 

One of the latest developments in the Booster, was the 
installation of a new tune monitor enabling the measure- 
ment of the tunes along the 50 ms acceleration cycle with a 
1ms resolution, in both planes. The method consists of an 
FFT analysis of a BPM signal during the beam oscillation 
induced by a single turn kick given by a horizontal or ver- 
tical shaker . With a 1 MHz sampling rate and 1024 sam- 
ples, a 1 KHz frequency and 1 ms time resolution can be 
achieved. At its actual state the system permits the acquisi- 
tion of one measurement per plane, per accelerating cycle 
for a specific time during this cycle. Horizontal tune-shift 
measurements are presented in Fig. 2 for the whole magnet 
cycle of 100 ms, and different RF frequencies. The repro- 
ducibility of the measurement is excellent apart from the 
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Figure 2: Horizontal tune measurements during one full 
Booster magnet cycle for different RF frequencies. 

beginning and end of the cycle where the magnet settings 
are rapidly varying. 

CHROMATICITY MEASUREMENTS 

The total chromaticity in a sychnotron is a sum of three 
different terms. The first contribution comes from the natu- 
ral chromaticity defined as the integral around the machine: 

Cy = ^ f Px,y{s)ka;,y{s)ds  , (1) 

with Px,y the beta functions and k^^y the quadrupole nor- 
malised strengths. In addition, there is a contribution from 
the eddy currents induced on the metallic vacuum chamber 
of the dipoles, as a result of the field variation. It can be 
evaluated as: 

Time   (ms) 

Figure 3: Booster chromaticity without [top] and with cor- 
rection [bottom] from measurements (points) and theory 
(solid curves). 

count that the dipole field has a sinusoidal behaviour 

By{t) 
B„ 

l + aE 
{as — cos{u}t)) (6) 

teidy,.^_,   1   /ceddy/ ^^    r\o    / N, T*^ *^ ^^'^^^ frequency and the constant ag   = 
^x,v {t) -^-^fS   '{s, t)r]x{s)Po.A^)ds ,      (2)     §^±§2 depending on the maximum and minimum en- 

where S^^'^^ is the associated normalised sextupole strength 
produced by the eddy currents and T]^ (S) the horizontal dis- 
persion (we imposed r]y{s) = 0). Finally, sextupoles with 
strengths Sh,v used to control the chromaticity are produc- 
ing an effect given by: 

^"y(i) = ^ ^ [±SH{S, t) T S,{s, t)] v.{s)p,,yis)ds. 

(3) 
The sextupole component due to dipole eddy currents in an 
elliptic vacuum chambers is given by [6] 

■H'max —Sm,., 

ergy, the sextupole strength due to the dipole eddy currents 
is 

S'''y{t) = ^^2.^^_^H^M_j.(a,6) 
h p     as — cos{ujt)' (7) 

Finally, the chromaticity sextupole strengths can be con- 
sidered that they are scaled linearly with the total sextupole 
current using the simple formula 

Sh,v{t) = 
6/ioJV/0ft) 

(8) 

S'^^y{t) = 
1    rf2R 1  noUcdBy 

Bp dx^       Bp      h F{a,b) ,     (4) 

with fio the firee space permeability, Cc the stainless steel 
conductivity and d the vacuum chamber thickness. The 
function depends on the vacuum chambers ellipticity a/b 

F{a, b) = 1/2 1 + bVcsinh(\/Q2 - b'^/b) 

ay/a? — 62 (5) 

and, for an almost circular vacuum chamber, as in the case 
of the Booster, it converges towards one. Taking into ac- 

where /^«(i) = /DC _ /AC cos(a;i + ^,,^) with N the 
number of windings and a^ the sexmpole aperture radius. 
Note that the beam rigidity Bp increases along the cycle. 

A series of experiments have been performed in order to 
measure the chromaticity in the Booster with the following 
machine setup: a normal long bunch mode was used with 
optimised settings in the main power supplies with respect 
to beam losses. A reproducible 5mA current was accel- 
erated with a IHz repetition rate. The chromaticity was 
measured, as described, from the slope between the mne- 
shift versus the momentum spread, for 5 different values of 
the RF frequency. The measurement error was estimated 
by the error in the slope coming from the linear data fit. 
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Figure 4: Horizontal [top] and vertical [bottom] Booster 
chromaticity for different settings of the horizontal sex- 
tupole DC current from measurements (points) and theory 
(solid curves). 

In Fig. 3, the natural chromaticity behaviour is presented 
along the full magnet cycle (100 ms). Note that during the 
normal injection process to the storage ring the beam is 
extracted in the middle of this cycle, i.e. at 50 ms. The 
points represent the chromaticity measurements and the 
solid lines the theoretical values. In the top plot, the nat- 
ural chromaticity is displayed, whereas in the bottom plot 
we present the chromaticity after correction with the chro- 
maticity sextupoles. The agreement between the measure- 
ments and the theoretical evaluation is quite good, apart 
from the beginning of the cycle for the vertical (without 
correction) and the end of the cycle for the horizontal chro- 
maticity. In all the cases, the discrepancy should be at- 
tributed to the strong values of the chromaticity at these 
areas: in that case, the FFT signal appears with strong syn- 
chrotron sidebands around its make peak which reduce the 
precision in the tune determination. 

A series of measurement for different values of the hor- 
izontal and vertical DC current settings are presented in 
Figs. 4 and 5, respectively, for only the accelerating cycle 
of 50 ms. As before, the theoretical values are represented 
with solid lines. There is a fair agreement with the mea- 
surements apart from the beginning of the cycle, in most 
cases. As the agreement is very good when comparing 
the differences between the chromaticity and the applied 
currents, we suspect that the discrepancy should be due to 
the simplistic formula (8) used to compute the sextupole 
strength dependence with the current. 

Figure 5: Horizontal [top] and vertical [bottom] Booster 
chromaticity for different settings of the vertical sextupole 
DC current from measurements (points) and theory (solid 
curves). 

CONCLUSION 

We have measured the ESRF Booster chromaticity along 
the cycle using the new tune monitor recently installed. The 
agreement between theory and experiment was very good 
(within a few percent) for the natural chromaticity and the 
nominal current settings in the sextupole power supplies. 
However, we found larger discrepancies when applied dif- 
ferent power supplies DC settings, probably due to the sim- 
plistic form of the sextupole dependence to current in our 
theoretical evaluation and the occurrence of beam loss. In 
the future, we will perform more measurements varying 
also the AC currents in view of calibrating the sextupole 
settings. As the chromaticity control is essential for the 
bunch cleaning process, our perspectives include the use 
of a new application using up to 10 different harmonics 
for controlling the sextupole currents and finally writing a 
chromaticity control application, for the automatic setting 
of currents for a desired chromaticity along the cycle. 
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Abstract 
The ESRF has been operating for more than 10 years. As 
a result of the maintenance policy a high level of beam 
availability as well as a long beam time between failures 
has been maintained. In addition, a continuous effort is 
made to develop the machine further. The operation status 
and the experience gained with the recent upgrades are 
reported. It concerns: 
• The successful operation with 5 in-vacuum undulators 

operated at a 5-6 mm magnetic gap. 
• The implementation of a new hybrid type filling pattern 

which combines groups of bunches at full current and 
single bunch. 

• The successful qualification of a 5 metre-long, 8 mm 
vertical aperture insertion device (ID) aluminum 
chamber coated with non evaporable getter material. 

• The evolution of the impedance with associated 
consequences on instability thresholds, following the 
installation of a number of low aperture insertion device 
chambers. 

• The successful test of the SOLEIL superconducting 
cavity. 

• The injection front end open in order to ensure a better 
thermal stability in the beamlines. 

THE ESRF IN 2003 
The European Synchrotron Radiation Facility (ESRF) 

located in Grenoble, France is a joint facility supported 
and chaired by 17 Countries. This third generation storage 
ring X-ray light source has been in routine operation for 
more than 10 years. The source delivers 5500 hours of 
beam to 43 beamlines simultaneously. 

Particles Electrons 
Energy 6.03 GeV 
Circumference 844 m 
Multibunch Current 200 mA 
Lifetime (Uniform filO 80 Hours 
Horizontal emittance 4 nm.rad 
Coupling 0.6 % 
16 Bunch (Single) current 90 (16) mA 

Table 1: Main parameters 

A large variety of insertion devices is installed in the 27 
available straight sections: 

- 64 in-air IDs (two or three 1.7 metre-long segments 
per straight section) 

- 5 in-vacuum undulators (2 metre-long) [1] 
The bending magnet radiation is now used by  15 

beamlines. 

OPERATION IN 2002 
The figures of merit for 2002, namely the mean time 

between failure (MTBF) and availability, were 
maintained at the same level as m 2001. Out of the 5495 
hours scheduled for beam delivery to the Users (USM), 
5319 hours were delivered, which represents an 
availability of 96.8 %. The remaining hours are shared 
between the dead time for refills: 67 hours for 507 refills 
(i.e., 1.2% of USM time) and the time lost due to 
failures: 110 hours (i.e. 2% of USM time). With 95 beam 
interruptions, the MTBF reached a record of 57.8 hours, 
which confirms the improvement of this figure of merit 
obtained in 2001 (see Fig 1). Another way to appreciate 
these figures is to bear in mind that there were 17 periods 
with more than 72 hours of delivery without a single 
failure, out of which 9 periods were greater than 120 
hours! The efforts put by all groups on preventive 
maintenance and failure analysis has largely contributed 
to the continuous increase of the MTBF and availability 
during the last few years. 

It is worth pointing out that these results, and in 
particular the low rate of failures, were maintained whilst 
a great deal of developments were under way: in 
particular, the successful tests of the Soleil 
superconducting cavity installed throughout 2002. These 
tests were performed without any change of the beam 
size, bunch length and with the same stability. Indeed, 
this was fiilly transparent to user operation. 
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Fig. 1: Evolution of the Mean Time Between Failures. 

Multibunch filling pattern, which represents 67 % of 
the total user time, was mostly delivered in uniform 
filling with a lifetime greater than 70 hours at 200 mA. 
Despite a slightly lower lifetime, the 2*1/3 fill is still used 
for time structure experiments. The rest is shared between 
the 16 bunch, single bunch and hybrid modes. The 
deterioration of the horizontal beam dynamics was clearly 
observed during last year, making the preparation of 
20 mA single bunch and hybrid modes more difficult. 

0-7803-7738-9/03/$17.00 © 2003 ffiEE 
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INJECTION WITH FRONT END OPEN 
This year, the operation of the ESRF beamlines was 

dramatically changed by the implementation of the 
injection with front-ends open, allowing real continuous 
operation. Before, the shutters of all beamlines were 
closed for a few minutes during injection, resulting in 
large temperature variations on the optics which caused 
interruptions of data acquisition up to an hour after each 
injection. Leaving the shutters open during injection has 
dramatically improved the situation. 

This mode of operation has to be compatible with the 
present ESRF radiation protection policy, which stipulates 
that all staff working at the ESRF are considered as non- 
exposed workers. This implies that the dose limits for the 
public, as defined in the Euratom/96-29 decree, do not 
exceed 1 mSv per year (or 2 (xSv over 4 hours if taking 
into account working time). Radiation monitors interlock 
the beam in the linac if the dose exceeds the limit. The 
accidental steering of a single 1 (is electron beam pulse 
injected from the booster into a beamline with open front 
end would result in an integrated dose, largely exceeding 
the 2 jiSv limit. No interlocked radiation monitor could 
therefore be fast enough to protect against such an 
accidental situation. A detailed study has demonstrated 
the impossibility of steering beam from the booster into a 
beamline if there is already a stored beam. A dedicated 
and redundant beam current monitor has been developed 
and integrated in the machine personnel safety system. 
Injection with FE open is only allowed if this current 
monitor measures a stored beam larger than 5 mA. During 
the first one and a half months of operation in this mode, 
uniform, 16 bunch, single bunch and 2x 1/3 filling modes 
were delivered. The evolution of the dose over 4 hours 
measured around all beamline optics hutches indicated 
that the injection losses, as well as the losses due to bunch 
cleaning in all filling modes, produce very low dose rates 
compatible with the limit. The measured dose is limited 
by the background level in the Experimental Hall (which 
varies between 80 and 100 nSv.h"'), with a small 
contribution from scattered bremsstrahlung, which 
depends on the type of filling mode. 

On the machine side, the implementation of the 
Injection FE Open as a standard mode of operation was 
rather straightforward. The main modifications concerned 
the logical unit of machine protection system and the 
implementation of a software counter indicating the 
remaining time before the next injection. The value of the 
counter can be used to synchronise the data acquisition. In 
order for the beamlines to fully benefit from Front Ends 
Open injection, it is essential to maintain the insertion 
device gap unchanged during injection. Since in-vacuum 
undulators (built with Sm2Coi7 magnets, more resistant 
than NdFeB) are the most sensitive to radiation damage 
when exposed to high energy electrons, their minimum 
gap is presently limited to 8 mm (instead of 6 mm) diuing 
injection [1]. For the corresponding beamlines, this 
generates a maximum 30 % headoad variation for a few 
minutes. In the long term, it is planned to reduce this gap 

limit following a detailed quantitative study performed on 
ID6, the machine beamline. 

User feedback was extremely positive despite the 
constraints imposed on the beamlines using in-vacuum 
devices. The strong reduction of thermal variation and the 
possibility to use the beam during injection result in an 
increase of beam availability for most beamlines. In 
multibunch modes with long lifetimes (50-90 hrs), the 
injection with front ends open twice a day is indeed close 
to ideal for the beamlines. However, it is less favourable 
in time structure modes where the reduced lifetime 
imposes more fi'equent injections. Moreover, the cleaning 
procedure renders the beam unavailable for a few minutes 
during each injection. Work has been initiated to improve 
this by performing the cleaning in the booster. 

TEST OF A NEW HYBRID MODE 
A new hybrid mode has been developed and was 

delivered for 8 hours during Machine Dedicated Time to 
Users who volunteered to test it. It consists of 24 groups 
of 8 bunches (1 mA each) with an additional single bunch 
of 4mA. The lifetime at 200 mA reached 26 hours; other 
beam parameters were close to the usual multibunch 
figures. Following the positive feedback received from 
Users, this mode will be proposed in replacement of the 
standard hybrid mode (9% of User time in 2002). The 
difficulties encountered with this new mode concern the 
cleaning of the parasitic bunches. Firstiy, due to the low 
current per bunch, the detuning of the vertical betatron 
frequency induced by the machine impedance is small. 
Secondly, there is a strong quadrupolar detuning as a 
function of the total beam current induced by the low gap 
chamber resistivity and its asymmetry [2]. The precise 
definition of the cleaning frequency is obtained by 
injecting a few mA of multibunch beam. The excitation of 
the low populated bunches is performed at a higher order 
coupled bunch mode, using a stripline shaker to reduce 
the excitation of the main bunches through the narrow 
band resistive wall impedance. 

INTENSITY RAMPING TO 250 mA 
A beam current of 250 mA was stored in the machine 

for the first time in 2001. However, the radiation induced 
outside the shielding exceeded the authorised level and 
tests were temporarily interrupted. After a campaign of 
systematic shielding reinforcement, tests resumed in April 
2003. Stable beam at 250 mA was stored in 1/3 and 2/3 
filling modes. No abnormal pressure rise or temperature 
increase on critical components was observed. The 
lifetime reached 44 hours in 2/3 filling (to be compared to 
60 hours at 200 mA). However, in uniform filling, the 
current was limited to 240 mA due to a transverse High 
Order Mode instability that still needs to be mastered. 
This is the first observation of an instability due to a 
transverse HOM at the ESRF! Further studies are planned 
to characterize and fully master the beam parameters at 
250 mA. 
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PROGRESS WITH NEG COATED 
CHAMBERS 

The installation of non-evaporable getter (NEG) coated 
vessels continued throughout the year. The main 
development was the production of a prototype followed 
by full tests of an 8 mm aperture 5 metre long aluminium 
vessel. The choice of aluminium instead of stainless steel 
was made to reduce both manufacturing costs and the 
excitation of the resistive wall instability. However, raw 
aluminium presents strong synchrotron radiation induced 
desorption compared to stainless steel. The conditioning 
of the prototype chamber (without NEG coating) installed 
in May 2002 was so slow and the bremsstrahlung 
produced was so high that the chamber was removed 
immediately after installation. When the same chamber 
coated with NEG was re-installed in October 2002 a rapid 
conditioning was observed (half the nominal multibunch 
lifetime was obtained after 20 minutes of beam at full 
current). The coating of the tiny 57 x 8 mm elliptical 
chamber was made at CERN. A NEG coating facility is 
being developed at the ESRF, which should allow the 
coating of 5 metre-long insertion device vessels. 

EVOLUTION OF MACHINE IMPEDANCE 
AND INSTABILITY THRESHOLDS 

The vertical and horizontal transverse impedance of 
most of the machine components have been determined 
using the electromagnetic field equation solver GdfidL. 
To explain the measured tune shifts, the impedance of 
each component is weighted by the local P-function. Due 
to the strong modulation of the optics, the P-functions 
play a key role in understanding the importance of the 
different machine elements in the impedance budget. The 
incoherent quadrupolar detuning is the second important 
effect which has to be taken into account to obtain the 
impedance in both planes. The resulting impedance 
budgets (without resistive wall part) show that in the 
vertical plane the RF-liners near the dipoles yield the 
largest contribution due to the P-value [3]. On the other 
hand the contribution of all tapers to the impedance is 
only 20% in the vertical plane, but amounts to 80% of the 
budget in the horizontal plane (scrapers not included). 
This effect could be confirmed qualitatively by the 
measured tune shifts and TMCI current thresholds. On the 
whole, values of about 5MQ vertically and 1.8 MQ 
horizontally have been computed at zero frequency. 

Standard 5 metre-long stainless steel ID vessels (11 mm 
vertical beam stay clear) are currently being replaced by 
low gap (5 metre-long, 8 mm height) vacuum chambers 
(five NEG coated copper-coated stainless steel and one 
NEG coated aluminium) together with the installation of 
5 in-vacuum undulators (2 meter long, 5.5 mm minimum 
gap). No evolution of the instability thresholds or of the 
quadrupolar detuning induced by the asymmetry of the 
chambers could be observed in multibunch mode. The 
reduction of the vertical aperture was compensated by the 
change  in the resistivity of the  material.  This  also 

confirms that both instability thresholds and detuning are 
largely governed by chambers in the achromat, due to the 
local high beta functions, compared to straight sections. 

Vertical single bunch characteristics have not evolved, 
however, single bunch operation is now strongly affected 
in the horizontal plane. The incoherent detuning induced 
by the short range wake has significantly increased. The 
injection efficiency and saturation is directly affected by 
the beam blow-up occurring at high current. The 
horizontal transverse mode coupling instability threshold 
decreased from 4 mA in 1999 to 0.9 mA and the 
chromaticity used for operation had to be enlarged. The 
horizontal instability threshold now also depends on the 
tune and the horizontal emittance. For all these reasons, it 
is envisaged to reduce the maximum single current 
delivered to the Users to below 15 mA. 

TESTOFTHESOLEIL 
SUPERCONDUCTING CAVITY 

A cryo-module housing two superconducting 352 MHz 
sti-ongly HOM-damped cavities has been developed 
within the framework of the SOLEIL project design study 
phase, in a collaboration agreement between CEA, 
CERN, ESRF and SOLEIL. In 2002 the prototype was 
installed on the ESRF storage ring and tested with beam 
at 4.5 K, with the cavities cooled by liquid helium poured 
from Dewars. Four such tests were carried out at the end 
of scheduled shutdowns at the ESRF. In passive operation 
at 300 K or 4 K, no instability was detected up to the 
maximum ESRF intensity of 200 mA. This demonstrated 
the validity of the concept of an effective damping of the 
Higher Order Modes (HOM). The superconducting (SC) 
module was tested successfully in the accelerating regime 
with 3 MV of accelerating voltage. A maximum power of 
360 kW could then be transferred to 170 mA of beam. 
In order to avoid disturbing the ESRF machine 
performance during user mode operation, the cavities 
were maintained demned at room temperature in a passive 
regime. The heat generated by the beam was then 
evacuated by means of a helium gas flow, cooled by a 
heat exchanger. The test arrangement provoked only three 
beam trips over one year and was therefore almost 
transparent to normal ESRF operation. 

With the successful prototype test, the concept of this 
almost HOM-free SC cavity has been validated [4]. The 
tests have also shown that this cavity constitutes a 
valuable option for a possible future upgrade at the ESRF. 
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Abstract 

The Super SOR light source is 1.8 GeV electron storage 
ring proposed for the third generation vacuum ultra violet 
(VUV) and soft X-ray light source, where is going to be 
constructed at Kashiwa campus of the University of 
Tokyo. The lattice design of the ring is going to be fixed 
due to the results of the particle tracking simulation for 
the chromaticity correction and the evaluations for the 
strength and the alignment error of the magnets. 

T3 
P 

INTRODUCTION 
The Super SOR Ught source [1] is 1.8 GeV electron 

storage ring to be constructed at Kashiwa campus of the 
University of Tokyo. The main parameters of the ring are 
shown in Table 1, and the plan view in Figure 1. The 
circumference of the ring is about 280 m. The nominal 
emittance is 7.26 nm-rad at an energy of 1.8 GeV. The 
brilliances of the photons are over lO" 
photons/sec/mm^/mrad^/0.1%b.w., as shown in Figure 2. 
The flux are over lO'* photons/sec/0.1%b.w.. 

In this paper, we present the lattice design of the Super 
SOR light source and the simulation results of the particle 
tracking for the chromaticity correction and the error 
correction. 

Table 1: Parameters of the ring 
normal       hybrid 

Energy GeV 1.8 
Circumference m 280.55 
Emittance nmrad 7.26 6.7 
Energy Spread ^^^^ 6.68E-04 6.68E-04 
Momentum Compaction ^^^^ l.OOE-03 l.OOE-03 

1 Betatron Tune                                                                    | 
horizontal "^^ 14.12 15.85 

vertical ^^^ 5.18 5.7 
j Chromaticity                                                                      | 

Horizontal ^-^^ -43.277 -55.139 
vertical ^-^^ -19.442 -31.525 

Magnetic Field of Bend. T 1.12 
Critical Photon Energy keV 2.42 
Energy Loss / turn keV/rev 173.7 
[Radiation Damping Time                                                    | 

horizontal msec 19.319 19.319 
vertical msec 19.4 19.4 

longitudinal msec 9.721 9.721 
Revolution Frequency MHz 1.0686 
RF Frequency MHz 500.1 
Harmonic Number ^-^^ 468 
RF Voltagp MV 1.4 
Synchrotron Tune ^^^ 0.00759 0.00759 
Bunch Length mm 3.935 3.935 
RF Bucker Hight ^^^ 0.0293 0.0293 

s 
s 

c o 
o .a 

<L> 
U 

■0 lOO 1000 lOOOO 

Photon energy [eV] 

Figure 2: The brilliances of the photons 

Figure 1: Plan view of the main ring 

DESIGN STRATEGY OF LATTICE 
We have several conditions to design the lattice of 

main ring storage ring; the length of straight sections is 
over 6 m for the normal insertion device of 5 m and over 
17 m for the longer one of 15 m, and number of the 
devices is over 10, and so on. Under the conditions, we 
designed so that the lattice of the ring has two long and 
twelve normal straight sections considering with the 
sections for the RF cavities and injection components. In 
addition, we have to consider the circumference of the 
ring because the area of the campus and the budget of the 
construction  are  limited.  We  adopted,  therefore,  the 
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structure of 14 double bend achromat (DBA) cells in the 
lattice configuration. 

In the strategy of the normal cell, we compared the 
structure of two types; Type I is composed of B-QD-QF- 
QF-QD-B, and Type II of B-QF-QD-QF-B in the 
configuration of magnets of the cell. The large difference 
of two types appears in the shape of dispersion functions, 
as shown in Figs. 3. The function of Type I has the shape 
of A type and the flat region near the centre of cell. On 
the other hand, the shape of V type is formed in the 
function of Type 11. The advantage of Type II is that 
small emittance is realized by the shorter length of cell. 
By adopting this Type, we can achieve the theoretical 
minimum emittance of DBA structure. However, it is 
hard to correct the chromaticity in this type because the 
dispersion flmction at sextupole magnets is quite small in 
spite of larger chromaticity. Thus, the dynamic aperture 
tends to narrow. Actually, it was very severe to ensure 
enough dynamic apertures in our simulations. In the case 
of Type I, though the length of cell tends to become 
longer, the chromaticity correction was easier than that in 
the case of Type II. We adopted, consequently, the 
structure of Type I. Including various boundary 
conditions for the ring components and the required 
conditions, we designed the lattice of the ring. The length 
of normal cell is about 18 m, and the circumference of the 
ring is about 280m. The nominal emittance at beam 
energy of 1.8 Gem is 7.26 nm-rad. Though the theoretical 
minimum emittance is 3.5 nm-rad, practical minimum 
emittance of the ring may be about 5 nm-rad. The betatron 

(a) Type I (b) Type II 

Figures 3: Two types of DBA cell 
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Figure 4: The optics of the normal mode 

tunes of one cell are (v„x, v„y)=(0.9743, 0.3653). To 
reduce the emittance, the horizontal ttme v„ becomes 
close 1.0. The tunes of cell in the matching section for 17 
m long straight section are (v^, v,y)=(1.214, 0.3984), and 
finally ttmes of the ring are (v^, Vy)=(14.12,5.18). 

The present optics of the ring is shown in Fig. 4. 
Because of two long straight sections, the optics has 2- 
fold symmetry. 

NONLINEAR EFFECTS AND DYNAMIC 
APRTURES 

We use four families of the sextupole magnets; two of 
them are for the chromaticity correction, and the others 
for the harmonic correction of avoidable nonlinearities 
produced by the chromaticity correctors. The latter 
magnets called harmonic sexttipoles. The effects of them 
on the momentum dependent tune shift are shown in 
Figure 5. It is clear that the dynamic aperture may be 
limited by the resonance lines Vx=14 and Vy=5 without 
them. Using the harmonic sextupoles, however, the 
momentum dependent tune shift is drastically improved. 
The tunes of particles with large momentum deviation 
takes away from these resonance lines, As a result, the 
dynamic apertures is much expanded as shown in Figures 
6. 

(a) Horizontal 
14.2 

-3% -1% 1% 
dP/P 

3% 

(b) Vertical 
5.25 

5.2 

5.15 

"    5.1 

5.05 

5 

- without    with I 

-3% -1% 1% 
dP/P 

3% 

Figure 5: The effect of the harmonic 
sextupoles 

HYBRID OPTICS 
In order to suppress the effect of the higher order mode 

produced by the RF cavities and avoid various coupled 
bunch instabilities, we hope that the beta functions at a 
place of RF cavities are small as possible while the 
horizontal beat function at a place of injection section is 
large. Thus we prepared the hybrid optics where the 
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(a) Horizontal plane 
25 

-2 0 2 
dP/P (%) 

(b) Vertical plane 
20 

I 

-2 0 2 
dP/P (%) 

families in the harmonic  sextupoles to improve the 
dynamic aperture. 

EFFECTS OF MAGNETIC ERRORS 
We simulate the effect of the magnetic errors and the 

COD correction for the normal mode. The assumed 
magnetic errors are the alignment errors of lOOum, the 
field error of 0.1% and the rotation error of 400nrad for 
the bending, quadrupole and sextupole magnets. The 
number of flie beam position monitors is 140 and that of 
the steering magnets 112. We adopt the eigenvalue 
method for the COD correction and the number of the 
used eigenvalues is 50. We calculate ten random error 
seeds and take the average. The RMS and maximum 
values of the COD and dispersion function distortion (Atj) 
are shown in Table 2. The dynamic aperture after the 
COD correction is shown in Figure 6. 

When the beam current is 400mA, the XY coupling 1%, 
the physical half aperture 25mm, and the vacuum pressure 
1 nTorr, the estimated beam lifetime results in about 8 
hours. 

Figure 6: The dynamic apertures of the 
normal mode. 

Table 2: The magnetic errors 

iN   .1/ 
iJ 

! M i! 

j .| V' / V y V V   V V V V V1/ 

Figure 7: The optics of the hybrid mode. 

normal cells with very small beta fiinctions (low beta 
cells) are symmetrically arranged in the ring. The 
configuration of the low beta cell in the half part of the 
ring is the following, 

(17m)-H-L-H-H-L-H- 
where H indicates the ordinary (high beta) normal cell 
and L the low beta cell, as shown in Fig. 7. For the low 
beta cell, the beta function at the centre of 6.2 m long 
straight section is about 1 m for both horizontal and 
vertical planes. Since we plan that the strength of all the 
quadrupoles and sextupoles can be independently 
changed, we have great flexibility in the adjustment of the 
optics and the chromaticity correction. However, the 
dynamic aperture of the hybrid mode has large 
asymmetry in the horizontal plane and especially small 
for the negative amplitude. In the next step, we are going 
to simulate the hybrid-optics increasing a number of 

CODX 

max 

(mm) 

Ailx 
max 

(mm) 

CODX 

rms 

(mm) 

ATI, 
rms 

(mm) 

horizontal 
before 11.282 301.22 5.509 129.78 
after 0.189 64.33 0.072 34.63 

vertical 
before 15.012 348.4 8.010 135.5 
after 0.252 160.2 0.083 71.3 

SUMMARY 
The lattice design of the Super SOR light source is 

presented. Because of the two 17 m long straight section, 
the optics has 2-fold symmetry. The effective use of the 
harmonic sextupoles, however, enables us to keep the 
large dynamic aperture and we achieve the beam lifetime 
of 8 hours with the beam current 400mA and the coupling 
1%. 

Besides the normal optics, we prepare the hybrid optics. 
The beta functions are about 1 m in the low beta cells and 
eight low beta cells are configured symmetrically in the 
ring. The further optimization of the harmonic sextupoles 
is needed to get the large dynamic aperture of the hybrid 
optics and this is the next step. 
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Abstract 

The upgrade project of the pulse X-ray source PF-AR 
was successfully completed by the end of 2001. The initial 
beam current and the lifetime were largely improved. The 
injection energy was raised from 2.5GeV to S.OGeV, the 
maximum beam current of 65mA was achieved. With a 
new global orbit feedback system, orbit drifts were largely 
improved. 

INTRODUCTION 

The AR that was originally constructed as a booster of 
the TRISTAN electron-positron collider has been parasiti- 
cally used as an X-ray source [1-2]. It was converted into 
a ring dedicated to pulse X-ray research and renamed PF- 
AR(Photon Factory Advanced Ring for pulse X-rays) after 
completion of the TRISTAN project, however, its perfor- 
mance as a light source was not satisfactory: low reliabil- 
ity due to overage machine components, a short beam life- 
time due to insufficient vacuum system performance, defi- 
ciency of closed-orbit controllability caused by the unreli- 
able beam position monitor(BPM) system, etc. In order to 
improve these problems, the PF-AR upgrading project[3] 
was started in 1999. Old vacuum ducts made of Al al- 
loy were exchanged for ones made of OFHC copper with 
improved BPM electrodes and the pumping system was 
largely reinforced. The power supplies for the steering 
magnets were all changed and the control system were 
completely renewed. New beamlines and in-vacuum type 
insertion devices were installed. The upgrading project 
were completed in the end of 2001, and commissioning of 
the upgraded ring was successfully done in the beginning 
of January, 2002 [4-5]. After fine tuning of the machine, 
users' operation started in April. The typical lifetime of 15 
hrs at the energy of 6.5GeV and the beam current of 50mA 
in a single bunch was achieved, and the closed orbit con- 
trollability was largely improved. 

The present layout of the PF-AR is shown in Fig. 1. 
Both the ring and the experimental halls are housed un- 

* E-mail addres : tsukasa.miyajima@kek.jp 

derground. There are four SR beamlines from inser- 
tion devices (three in-vacuum-type undulators [6], one 
elliptically-polarized multipole wiggler [7]) and the other 
two from bending magnets. New north-west experimen- 
tal hall, two beam lines(NW-2, NWI2) and a new tapered 
undulator were constructed in the upgrade project. 

OPERATION AND PERFORJMANCE OF 
PF-AR 

The PF-AR has been operated at beam energies of 6.5 
and 5.0GeV, where the 5.0GeV operation is arranged for 
medical applications. The ring always stores a single- 
bunch beam of about 55mA, providing unique pulse X- 
rays for researches such as the time-resolved X-ray experi- 

North-West 
Experimental hall 

North 
Experimental hall 

Notih-East 
Experimental hall 

Figure 1: Layout of the PF-AR after the upgrade project 

0-7803-7738-9/03/$17.00 © 2003 IEEE 860 



Proceedings of the 2003 Particle Accelerator Conference 

Table 1:  Principal parameters of the PF-AR under the 
present optics. 

Feb. 25,2003 

Parameter Value 
Beam energy 5.0 - 6.5 GeV 
Injection energy S.OGeV (2.5GeV) 
Circumference 377.26 m 
Harmonic number 640 
Horizontal betatron tune 10.15 
Vertical betatron tune 10.21 
rf frequency 508.58 MHz 
Emittance (at 6.5GeV) 294nm-rad 
Initial stored current 55mA (single bunch) 

I 

Figure 2: Optical functions in the PF-AR under 90-degree 
optics. 

ments. High beam energy and full-time single-bunch oper- 
ation characterizes the PF-AR. The principal parameters of 
the ring are given in Table. 1 

The PF-AR is made up of normal FODO-cells, four long 
straight sections and eight short straight sections. The ring 
is operated at 90-degree^ optics for user operation, the 
emittance is 294nm-rad and the dynamic aperture is suf- 
ficiently large. Fig. 2 shows the optical functions of the 
PF-AR 90-degree optics. 

Beam Lifetime 

Before the PF-AR upgrade project, the beam lifetime 
was rather short; about 3 hours at a beam current of 40mA, 
to maintain an average current, injections more than ten 
times a day were necessary. After the upgrade project, the 
beam lifetime became longer (about 15 hours at a beam 
current of 50mA) and injections are reduced to 3 times a 
day. Fig. 3 shows the typical beam current and beam life- 
time in one-day. 

The history of the vacuum conditioning after the upgrade 
project are shown in Fig. 4, where / and r are the beam 

2000 
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Figure 3: Typical one-day operation of the PF-AR after the 
upgrade project. 
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Figure 4: History of the vacuum conditioning after the up- 
grade project, where / and r are the beam current and the 
beam lifetime, respectively. 

current and the beam lifetime, respectively. The value I ■ T 

have increased gradually with the integrated beam current. 

3.OGeV Injection 

Before the upgrade project, the injection energy was 
2.5GeV. However, beam instabilities that limited the max- 
imum stored beam current at about 47mA, were observed 
during the injection [8]. In order to improve the situation, 
the injection energy was raised from 2.5GeV to 3.0GeV. As 
a result of the 3.0GeV injection, a higher beam current over 
65mA was achieved, however, instabilities still have been 
appeared during injection. Since 3.OGeV injection started 
from October, 2002 for user operation, the typical initial 
stored current is about 55mA. 
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Figure 5: Horizontal orbit fluctuation with and without 
global orbit feedback. The fluctuation is reduced to 16/im 
from 85 lira for orbit feedback. 
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Figure 6: Vertical orbit fluctuation with and without global 
orbit feedback. The fluctuation is reduced to 63fj.m from 
29fj,m for orbit feedback. 

Orbit Stabilization 

A slow orbit drift is observed in proportion to decrease 
in the beam current in the user operation mode. The typical 
initial stored current is about 55mA as mentioned above,' 
the current decreases down to 30mA in one operation shift 
of 8 hours. Thermal deformation of the magnet poles and 
the vacuum chambers generates the reproducing COD, and 
r.m.s values of the orbit drift in the horizontal and vertical 
planes are 85/xm and 63/xm, respectively. 

To suppress this orbit drift, we have improved the global 
orbit feedback system and make COD correction every 
20sec. With the new global orbit feedback system, the r.m.s 
value of the horizontal and vertical orbit drift are reduced 
to 16/im and 29/im, respectively. 3D plots of the horizontal 
and vertical orbit drift with and without global orbit feed- 
back are shown in Fig. 5 and Fig. 6. 

Low Emittance Optics 

The PF-AR is currently operated at an emittance of 
294nmrad under 90-degrees optics in user operation. For 
the present lattice the emittance can be reduced to 160 
nmrad using 140-degree optics. In order to reduce the 
emittance for user operation, studies of low emittance op- 
tics have been started April, 2003. After adjusting the 
machine parameters, electrons could be stored at the low 
emittance optics. However the beam current was limited to 
30mA. It seems that the current limit is caused by the beam 
instabilities that was observed in 2.5GeV injection. We will 
survey operating points free from beam instabilities and try 
to tune the acceleration to 6.5GeV. 

SUMMARY 

The PF-AR upgrade project was successfully completed. 
The beam lifetime became longer (about 15 hours at a beam 

current of 50mA) and injections are reduced to 3 times a 
day. As a result of the 3.0GeV injection, a higher beam 
current over 60mA was achieved without beam instabili- 
ties. With the new global orbit feedback system, the orbit 
drift is suppressed. In order to reduce the beam emittance, 
we will survey operating points free from beam instabili- 
ties at the low emittance optics. We will also study beam 
stability for user operation. For example, sudden decrease 
of beam lifetime, stabilization of temperature in the ring 
tunnel and so on. 
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Abstract 
We present a model for producing stable broadband 

coherent synchrotron radiation (CSR) in the terahertz 
frequency region in an electron storage ring. The model 
includes distortion of bunch shape from the synchrotron 
radiation (SR), enhancing higher frequency coherent 
emission and limits to stable emission due to a 
microbunching instability excited by the SR. We use this 
model to optimize the performance of a source for CSR 
emission. 

INTRODUCTION 
Coherent synchrotron radiation (CSR) occurs when the 

synchrotron emission from a bimch of relativistic 
electrons is in phase. In this regime the radiation intensity 
is proportional to the square of the number of particles per 
bunch in contrast to the linear dependence of the 
conventional incoherent radiation. Considering that the 
number of particles per bunch is typically very large 
(> 10*), the potential intensity gain for a CSR source is 
huge. Although CSR was predicted to occur in high 
energy storage rings over 50 years ago [1], it is only 
recently that steady state CSR has been observed for the 
first tune in the BESSY-II storage ring [2, 3]. Coupled 
with the first successfiil application of such a source [4], 
there is the exciting possibility of using this radiation as 
an innovative and very powerful source in the far 
infrared/terahertz frequency range. 

Attractive features of the BESSY-II radiation were a 
flux increase of about five orders of magnitude over the 
incoherent synchrotron spectrum, a broadband frequency 
range from about 3 cm"' to 60 cm"' and the stability of the 
source. However, several curious features of the radiation 
were also observed. First, the coherent emission spectrum 
extended to shorter wavelengths than expected from a 
Gaussian electron bunch of the measured length. Second, 
a significantly non-Gaussian longitudinal distribution of 
the electron bunch was observed. Third, a threshold 
current was observed above which the CSR was emitted 
in chaotic bursts. We have developed a model that 
accoimts for the above-mentioned observations and 
provides a tool for predicting and optimizing the 
performance of a ring-based CSR source. 

This paper presents the elements of the model and 
describes the design criteria for an optimized stable ring 
based CSR source. We consider only the case of a 
bending magnet. 

CSR RADIATION AND SR WAKEFIELD 
The synchrotron radiation (SR) power spectrum is given 

by [1,5]: 

^ = ±[M^N{N-l)M (1) 

*Work Supported by the Director, Office of Science, of the U.S. 
Department of Energy under Contract No. DE-AC03-76SF00098 

where A is the wavelength of the radiation, p is the single 
particle emitted power, JV is the number of particles per 
bunch and g is the so-called CSR form factor. This 
numerical quantity, whose value ranges between 0 and 1, 
is essentially the square of the Fourier transform of the 
normalized bunch distribution. In expression (1) both the 
incoherent and coherent terms are included. The first is 
simply the part proportional to N while the second is 
proportional to JV ^ and to g. In order to have significant 
CSR emission at the wavelength of interest it must be 
g(A) > 1/N. For short wavelengths, according to the 
definition of g, this implies having short bunches. For 
longer wavelengths g increases and approaches 1 but 
above the vacuum chamber cutoff wavelength the CSR 
emission is quickly mhibited. For the particular case of a 
Gaussian distribution, CSR occurs for «Tz</^;r, where a^ 
is the rms bunch length. In the general case, comparing at 
short wavelengths bunches with same rms length, non 
Gaussian distributions can present a g factor significantly 
larger than Gaussian ones. This implies that these 
'distorted' bunches can have CSR emission at 
wavelengths remarkably shorter than in the purely 
Gaussian case. From the experimental results on 
references [2] and [3] it can be found that the BESSY-II 
CSR emission belongs to this category. In fact, streak 
camera measurements indicated bunch lengths ~ 1 mm 
while CSR was visible down to A, ~ 200 |xm, in 
disagreement with the condition for Gaussian bunches 
and indicating the presence of distorted distributions. 

Equilibrium longitudinal distributions in electron 
storage rings are usually Gaussian. The possible 
phenomena that can generate bunch distortions can be 
classified in two main categories. Non linear dynamics 

0-7803-7738-9/03/$17.00 © 2003 EEEE 
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effects and wakefield induced effects. RF and lattice 
nonlinearities belong to the first group, while CSR and 
vacuum chamber wakefields fall in the second one. For 
most of the storage rings, including BESSY-II, RF 
nonlinearities are very small and can be neglected. We 
have simulated the effects of lattice nonlinearities for the 
case of BESSY-II. The results showed a very small 
distortion effect that was clearly insufficient to explain 
the experimental data. In the wakefield category, the SR 
wakefield, which is always present, is the natural 
candidate for beginning this analysis and a reasonable 
approach consists in starting with the simplest model, the 
free space electron SR wakefield [6, 7, 8]: 

W{T) = 
dSJT) _ 

Inp   dz      Inp dr 3c j 

1/3 
-1/3 

(2) 

where ZQ = 377 ohms, p is the dipole magnet bending 
radius, c is the speed of light, e is the electron charge and 
ris the distance fi-om the wake inducing particle in time 
units. For T< 0 W{T) = 0, indicating that in the SR 
wakefield case particles in the head of the bunch cannot 
influence the pries in the tail. The free space assumption 
can be justified by the fact that for bunches much shorter 
than the vacuum chamber height, and an optimized CSR 
source must be designed to fulfill this requirement, the 
shielding effects are small. 

T[ps] 

FIG. 1. Calculated equilibrium longitudinal distribution for 
different currents per bunch using the free space SR wakefield 
BESSY-II case. 

This free space SR case was already investigated in 
reference [8] where the Haissinski equation solution for 
the longitudinal current distribution /(r) was numerically 
calculated: 

l{T) = Ke 2al ^z VRF 0 
\l(T-t)s{t)dt 

(3) 

where o^ is the natural bunch length, Vj^p is the time 
derivative of the radio frequency (RF) voltage at the 
synchronous phase and iiT is a normalization constant. 

Figure 1 shows, in the example of BESSY-II, the 
equilibrium longitudinal bunch profile calculated by this 
model for different currents per bunch. A strong 
distribution asymmetry (sharper leading edge) increasing 
with the bunch current and thus with the SR wake is 
clearly visible. The result demonstrates that the SR 
wakefield alone is able to produce non-Gaussian bunches 
that significantly enhance the CSR emission towards 
shorter wavelengths as shown in Figure 2. 

lo'r 

— 40.0 ^A/bunch - 2.7 ps rtns - Free Space SR Calc. I 
— 40.0 ^A/bunch - 2.7 ps rms - Gaussian - Calculated!   - 

Wavenumber [cm''] 
FIG. 2. Comparison between the CSR gain (ratio between 
coherent and incoherent SR power) for the two cases of 
Gaussian and SR wakefield distorted disfribution for same 
current and bunch length. BESSY II parameters. 

OPTIMIZING A STORAGE RING BASED 
CSR SOURCE 

We want now to design a source exploiting this effect. In 
the design of such a source one of the fiindamental 
requirements is the stability of the CSR emission. A SR 
driven single bunch instability has been theoretically 
predicted [9], simulated [10] and experimentally verified 
[11]. Above a current threshold the beam becomes 
unstable and transient longitudinal microstructures 
appears generating CSR bursts. In the following source 
optimization analysis, stability criteria are included. In the 
free space SR model, the number of particles per bunch at 
equilibrium is given by [8]: 

N-- (4) 

where A = 6.068 10"^ [MKS units], B is the dipole magnet 
magnetic field, ^ is the storage ring RF frequency, VRF 

the RF peak voltage, E is the beam energy, a^ is the 
natural bunch length and F is a dimensionless quantity 
proportional to the integral of the bunch distribution. F 
and the bunch distribution are calculated by the free space 
SR model. The larger the current per bunch the stronger is 
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the distribution distortion and the larger is F. Using 
equation (1) for Ng» 1 and the expression for dpIdA 
when the wavelength is much larger than the critical 
wavelength (see for example [12]) we can write for a ring 
with Nt bunches: 

'i-'^^ .^V3 (5) 

where C = 2.642 10"^^ [MKS units] and L is the storage 
ring length. In optimizing a CSR source we want to 
pursue the following tasks: increase as much as possible 
the band of wavelengths where the SR emission is 
coherent, maximize expression (5) and maintain the beam 
stability. The bandwidth of the CSR emission can be 
extended towards longer wavelengths by designing high 
cutoff frequency vacuimi chambers. On the other side, as 
we said, the bandwidth can be extended towards shorter 
wavelengths by shortening the bunch and/or by increasing 
the bimch distortion. The second way is strongly preferred 
because it increases F and according to Eqn. (5) also the 
CSR power. On the other hand, Eqn. (5) shows that 
decreasing the bimch length dramatically decreases the 
power. The distortion is enhanced by increasing the 
number of particles per bunch but the maximum value 
that this quantity can assixme is limited by the previously 
mentioned microbunching instability [9,11]: 

N<Nc=D ^^'^^RF^RF ^z (6) 

where £) = 4.528 10'^ [MKS units]. By combining 
equations (4) and (6) the following stability criterion can 
be derived: 

\2/3 
P-PMAX - — \—^ (7) 

where G = 0.1340 is a dimensionless constant. It must be 
remarked that the microbunching instability theory was 
derived for the case of a coasting beam. Anyway 
simulations and experimental results at the ALS [11] 
showed that the model works also for bimched beams and 
that the theory is able to predict the instability threshold 
when in Eqn. (7) A ~ 2o^ is used obtaining FMAX~ 4.7. In 
the case that a^ is greater than the vacuum chamber 
cutoff wavelength Aco, then A = Aco must be used in 
Eqn. (7). The maximum number of stable particles per 
bimch can be evaluated by using FMAX in Eqn. (4). Once 
the bandwidth optimization is completed the quantities o^, 
F and g(/l) in Eqn. (5) are frozen and cannot be modified 
anymore. All the remaining 'knobs' in Eqn. (5) can be 
freely changed, within the technological limits, for the 

maximization of the CSR power. It must be remarked that 
the momentum compaction, which does not appear 
explicitly in Eqn. (5), is used in this scheme for keeping a 
constant a^ when the other quantities are changing. 
Figure 3 shows an example of the impressive 
performances that a source designed with the presented 
criteria can achieve. 
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FIG. 3. Example of source optimized for the CSR production 
using the criteria described in this letter. The potential photon 
flux gain in the Far-IR THz region of the spectrum is huge if 
compared with an existing conventional source (ALS). 

Such a source would have between 6 and 8 orders of 
magnitude greater average flux than other available 
sources in the THz and sub-THz frequency range. 
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COLLECTIVE EFFECTS ANALYSIS FOR THE BERKELEY 
FEMTOSOURCE* 

J. Corlett, S. De Santis, A. Wolski, A. Zholents LBNL, Berkeley, CA 94720, USA 

Abstract 
We present an overview of collective effects in a 

proposed ultrafast x-ray facility, based on a recirculating 
linac. The facility requires a small vertical emittance of 
0.4 mm-mrad and is designed to operate with a "flat 
bunch" with a large emittance ratio. Emittance control 
from the electron source at the RF photocatode to the 
photon production chain of undulators, including 
understanding and mitigation of collective effects, is 
critical to successful machine operation. Key aspects of 
accelerator physics involved in beam break-up, coherent 
synchrotron radiation, resistive wall impedance and other 
effects have been addressed and reported here. 

INTRODUCTION 
The proposed LUX femtosecond X-ray facility [1] is 

based on a 600 MeV superconducting recirculating linac. 
It accelerates up to 2.5 GeV a 2 ps electron beam, which 
is subsequendy used to generate ultra-short X-ray pulses. 
It is vital to preserve a small vertical emittance 
throughout the machine since the X-ray pulse duration is a 
function of the vertical emittance. 

In this paper we investigate the three main mechanisms 
that can lead to a degradation of machine performance by 
emittance or energy spread increase: wakefields in the 
main Unac and the preinjector; resistive wall impedance in 
the vacuum chamber; and coherent synchrotron radiation. 

WAKEFIELDS 
The performance of LUX depends on preservation of 

low vertical emittance through the linac and the arcs. The 
short-range transverse wake fields from the linac cavities 
are a potential source of vertical emittance growth, and the 
effects need to be carefully evaluated. The size of the 
transverse kick from the wake fields increases with 
increasing offset of the bunch from the axis of the cavity, 
so there are possible implications for the alignment of the 
cavities and orbit control. 

It is possible to arrive at a semi-analytical estimate of 
the effects of the wake fields of the linac, as presented in 
[2]. However, a more complete investigation including the 
nominal bunch distribution and tracking through the arcs 
requires a tracking code. For the present studies, we have 
used MERLIN [3], which allows simulation of required 
effects. We also present some estimates of the influence of 
long-range wake fields on emittance growth. 

Short-range wakefields 

The present design of the linac uses the TESLA 9-cell, 
1.3-GHz superconducting cavities. An analytical 
expression for the wake fields is reported in [4], while the 

lattice design used for the arc tracking can be found in [5]. 
For an exhaustive report of the technical details of the 
tracking, see [6]. 

To verify the wake field model in MERLIN, we first 
tracked a bunch with the nominal 2 ps bunch length, airi 
(effectively) zero transverse emittance through four passes 
of the linac. In this case, the bunch was with a fixed 
vertical offset in each cavity, and the bunch was taken 
straight from the end of the linac on each pass and re- 
injected at the start of the linac: i.e. we modeled the effects 
of perfectly achromatic arcs with integer betatron phase 
advances. The results shown in Fig.l are in very good 
agreement with our analytical model [2]. 
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Figure 1. Transverse deflection of a 2 ps zero-emittance 
bunch, through four consecutive passes at constant 
vertical offset through the linac. Merlin tracking. 

To estimate emittance growth from the wake fields in a 
linac with vertical cavity misalignments, we tracked a 
10,000 macroparticle bunch with the nominal parameters 
specified in Table 1 from the entrance of the linac to the 
exit after the fourth pass. Vertical misalignments with a 
range of rms values (and a cut-off at 5 sigma) were applied 
to the cavities; the beam sees the same misalignments in 
the simulation on each pass. The cavity misalignments 
were the only imperfections applied to the machine; the 
arc optics and alignment were as designed. For large cavity 
misalignments, there is significant orbit distortion that is 
expected to lead to vertical emittance growth from 
coupling in the arc sexmpoles. 

Table 1: Bunch Parameters Used In Wakefield 
Simulations. 

Initial bunch energy 
Bunch charge 
Bunch length 
Energy spread 
Horizontal emittance (normalized') 
Vertical emittance (normalized) 

120 MeV 
1 nC 
2 ps 
10-^ 
20 urn 
0.4 urn 

Woric supported by the US DoE under contract No. DE-AC03-76SF00098 
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No distinction was made between cryostats; in reality, 
cavity offsets are expected to be correlated according to 
which cryostat they are in. Since we find that the wake 
field effects for any reasonable cavity misalignments are 
so small, our conclusions are not likely to be affected by 
the fact that we have neglected this effect. 

Results of tracking with the sextupoles turned on are 
shown in Fig. 2; results with the sextupoles off are 
shown in Fig. 3. The emittance growth with wakefields 
off is due to the deflecting kick from the cavity fringe 
fields. It appears that the wake fields themselves make 
negUgible contribution to the emittance growth. The wake 
field cancellation resulting from the phase advance across 
the arcs can easily reduce the head-tail displacement by 
more than an order of magnitude; in which case, we would 
expect to see an emittance growth of the order 5% 
(tracking with an extreme rms vertical cavity 
misaUgiunent value of 2 mm. The actual misalignment is 
about 0.5 mm instead). 
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Figure 2: Results of tracking a nominal bunch fi-om the 
first entrance of the linac through four passes (including 
the arcs) to the fourth exit fi-om the linac. The arc 
sextupoles were turned on. 

S    (-4." 

it     1^ I 

I 

- WaJ.c Fiiil- >'tt 

y'4.i,r-,i.*u«i„ 

'^4' 

I jfiifh Kl'-Ss V«iii.itMi-:iluiniiriil nwm 

Figure 3: Results of tracking a nominal bunch fi-om the 
first entrance of the linac through four passes (including 
the arcs) to the fourth exit from the linac. The arc 
sextupoles were turned off. 

With the sextupoles turned on, any emittance growth 
from the wake fields is hidden by the very much larger 
emittance growth from the coupling. This should be 
easily fixed by proper orbit control and beam based 
alignment. 

Long-Range Wake Fields 

Since a bunch in LUX is recirculated four times through 
the main linac, we also investigate the influence of the 
transverse long-range wakefield on the bunch emittance. 
An estimate of the wakefield can be obtained by adding 
up the transverse wake from all the high-order modes of 
the 32 linac cavities. Figure 4 shows that the field 
amplitude decays by only a factor of 10 in the typical 
recirculation time of less than 1 ^s. The long-range 
transverse wakefield is, in most cases, fairly constant over 
the bunch length and, therefore, its effect translates to a 
small additional displacement of the entire bunch (Fig.5), 
which does not affect the vertical emittance. 
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Figure 4: Long-range transverse wakefield with a 0.1% 
random detuning in the RF cavities HOMs. 
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Figure 5: Total vertical displacement along a 2 ps bunch 
from short and long range transverse wakefields. 

Resistive Wall Impedance 

The resistive wall impedance also induces a vertical 
deflection along a bunch throughout the machine, which 
leads to a dilution of the vertical emittance. The resistive 
wall effects are worse at lower energies, for shorter 
bunches and for narrower apertures of the vacuum 
chamber. Figure 6 shows the oscillation of the bunch tail 
along the first arc for a beam pipe radius of 4.5 mm and 
an initial vertical offset of 100 ^im. The tracking code 
results agree very well with a simple analytical model. 
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X  ./ 

.} 

Figure 6. Vertical deflection of the bunch tail along an 
arc. Tracking (dots) and analytical model (solid line). 

It can be seen that, even in this very conservative 
scenario, the resistive wall contribution is limited to less 
than 10% of the vertical beam size. This figure is 
expected to improve, as we expect to have an orbit control 
significantly better than 100 Jim and larger beam pipes in 
most of the machine. The effects in the other arcs will be 
significantly smaller, because of the higher beam energy, 
so that we do not expect the resistive wall impedance to 
limit the performance of the light source. 

COHERENT SYNCHROTRON 
RADIATION 

Coherent synchrotron radiation (CSR) causes a variable 
energy loss along a bunch which, in turn, leads to 
emittance increase in the orbit plane. Since we have a 
relatively large horizontal emittance, the estimated small 
emittance growth does not seem to be harmfiil. Therefore, 
we are mainly concerned by the energy loss because of the 
resulting increase in the energy spread. CSR calculations 
are currently in progress. 

Figures 7 and 8 show the tracking results [7] for a 
bunch with an assumed rectangular distribution in the 
horizontal emittance plane. It can be seen that, while CSR 
influences the bunch head and tail, the bunch core (90% of 
the particles) is relatively unaffected. Energy spread is 
controlled by careful design of the lattice [8]. 

•go. if. 

1      0       1 2 

Figure 7: Tracking (elegant) of the horizontal emittance at 
the linac exit. Bunch core (green), head (blue) and tail 
(red). 
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Figure 8: Tracking (elegant) of the energy spread at the 
linac exit. Bunch core (green), head (blue) and tail (red). 

CONCLUSIONS 
We have investigated several fundamental aspects of the 
beam dynamics in LUX. We are mainly concerned with 
the preservation throughout the machine of the vertical 
emittance and the energy spread, which are vital for the 
generation of ultra-short X-ray pulses. Our results show 
that, while one must always pay attention to these aspects 
in the design phase, they do not present insurmountable 
problems towards obtaining the machine design 
parameters. 
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NOISE REDUCTION EFFORTS FOR THE INFRARED BEAMLINE AT THE 
ADVANCED LIGHT SOURCE 

Tom Scarvie, Nord Andresen, Ken Baptiste, John Byrd, Mike Chin, Mike Martin, 
Wayne McKinney, Christoph Steier, LBNL, Berkeley, CA, 94720, USA 

Abstract 
The quality of infrared microscopy and spectroscopy 

data collected at synchrotron based sources is strongly 
dependent on noise. We have successfully identified and 
suppressed several noise sources affecting Beamline 1.4.3 
at the Advanced Light Source (ALS), resulting in 
significant reductions to the noise in the users' FTIR 
spectra. In this paper, we present our methods of noise 
source analysis and the techniques used to reduce the 
noise and its negative effect on the infrared beam quality. 
These include analyzing and changing physical mounts to 
better isolate portions of the beamline optics from low- 
frequency environmental noise, and modifying the input 
signals to the main ALS RF system. We also discuss the 
relationship between electron beam energy oscillations at 
a point of dispersion and infrared beamline noise. 

INTRODUCTION 
Noise reduction for this beamline has been an ongoing 

project since it was commissioned in 1997. Transverse 
motions of the photon beam are transformed into intensity 
variations in the IR signal by an aperture or apertures in 
the beamline optics. There are two main sources of this 
photon beam motion: mechanical vibrations of beamline 
components and electron beam motion introduced by 
energy oscillations at a point of dispersion in the ring (the 
bending magnet IR source). The first noise type was 
previously lowered by mechanically isolating beamline 
components from environmental vibrations and the 
remaining noise damped with an active mirror feedback 
system [1-4]. Higher-frequency noise caused by electron 
beam motion was dramatically diminished when a quieter 
master oscillator was installed in the.ALS RF system [5]. 
In order to further reduce noise in the FTIR spectra and 
bring the signal-to-noise levels closer to what is achieved 
using a standard Glowbar IR source, we revisited both of 
these noise types to further improve them. 

DETAILS 
Fourier transformed time domain signals from the first 

optical detector in the mirror feedback system and from 
the FTIR detector signal gave us baseline noise 
measurements. The spontaneous noise from 0-200Hz and 
0-25kHz is shown in Fig. 1. 
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Figure 1. Spontaneous noise spectra at the Infrared 
Beamline 1.4.3, prior to any of the improvements 
discussed in this report. 
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Low frequency noise 
In the low frequency range (0-200 Hz), previous 
mechanical isolation efforts identified the Ml and M2 
beamline mirrors* as the main suspects for vibration 
induced noise. To further characterize this noise, a 
Wilcoxon Research Model F3 Electromagnetic Shaker was 
clamped to the mirror housing and transfer functions were 
taken by sweeping the driving frequency from 0 Hz to 200 
Hz and recording the response of the signal from the first 
optical detector of the mirror feedback system and from 
the FTIR bench. 
Upon seeing numerous correlated vibration peaks 
indicative of mechanical motion, it was discovered that a 
tensioning spring had been left out of the M2 mirror 
assembly. 
The spring was installed and adding motor drive shafts for 
external adjustment further confined mirror motion. 
Transfer function measurements following these 
modifications showed a marked improvement in mirror 
stability and dropped noise levels in the lower frequencies 
of the FTIR signal, as seen in Fig. 2. 

High frequency noise 
At higher frequencies (500 Hz - 25kHz), mechanical 
vibrations are unlikely to be the cause of noise, so any 
introduced noise is most likely coming from transverse 
motion of the electron beam. 
Fig. 1 shows that there are noticeable noise peaks 
centered at about 7.5 kHz and 18 kHz in the y-axis of the 
optical detector and in the overall IR signal, but none in 
the X-axis of the optical detector signal. 
Due to the configuration of the beamline, x-axis beam 
motion is observed on the y-axis of the detector, and 
vice-versa, and so the traces correspond to what one 
would expect for horizontal beam oscillations. We know 
that the 7.5 kHz peak is due to synchrotron oscillations 
of the beam, because it slowly shifts as the beam current 
decays and also changes with beam energy. There is little 
that can be done to damp this oscillation. The 18 kHz 
peak, on the other hand, was also observed on the x-axis 
signal of a storage ring beam position monitor. This 
noise was found to be coming from a DAC output in the 
storage ring RF phase shifter system. The output of the 
DAC was filtered by the RF group and Fig. 3 (on the 
next page) shows the result - the 18 kHz noise is mostly 
gone. 
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Figure 3. 0-25 kHz spontaneous noise on the first mirror feedback optical detector before and after RF phase shifter 
DAC filtering. The upper and lower plots represent vertical and horizontal electron beam motion, respectively. 
Different scopes were used, but the ranges are the same. Notice the substantial reduction in the 18 kHz peak in the 
bottom-right plot. The broad 7.5 KHz peak is due to synchrotron oscillations and is difficult to suppress. 

CONCLUSION 
Work on noise reduction efforts at BL 1.4.3 is ongoing. 

We are more thoroughly examining the beamline optics 
between the M2 mirror and sample stage to identify any 
particular aperture(s) where the photon beam motion is 
transformed to an amplitude modulation of the IR signal. 
The incoming infrared light also contains harmonics of 60 
Hz power line noise, a problem noted by infrared 
beamlines at other synchrotron facilities. It is suspected 
that this noise is introduced by the RF system, but 
attempts at filtering it have been unsuccessful so far. With 
further noise improvements, we hope to bring the signal- 
to-noise ratio to a level competitive with other IR sources 
and increase the demand for synchrotron-based infrared 
science. 
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LONGITUDINAL PHASE SPACE CONTROL IN THE BERKELEY 
FEMTOSECOND X-RAY LIGHT SOURCE LUX* 

A. Zholents LBNL, Berkeley, CA 94720, USA 

Abstract 
LUX, the proposed Berkeley femtosecond x-ray hght 

soxu-ce, is a -2.5 GeV recirculating linear accelerator, 
where electrons reach their final energy in four passes 
through a 600 MeV superconducting linac after injection 
at -120 MeV. An important consideration for this 
machine is the preservation of the electron beam 
longitudinal emittance through the various stages of 
acceleration including injection linac, bunch compression, 
and various passages through the linac and magnetic arcs. 
In this paper we analyze the longitudinal dynamics of 
electrons and define a strategy for the electron beam 
manipulation leading to a successful conservation of the 
longitudinal emittance. Particular attention is given to the 
management of the correlated energy spread induced by 
collective effects such as longitudinal wake fields and 
coherent synchrotron radiation (CSR). 

INTRODUCTION 
Here we report preHminary studies of the longitudinal 
dynamics of electrons in the recirculating linear 
accelerator LUX currently under design in Berkeley 
Laboratory [1]. In this machine the electron bunches are 
produced in an RF photocathode gun, accelerated in a 
superconducting injector Unac, compressed in the bunch 
compressor and injected into the recirculating accelerator 
where they are accelerated to final energy in four passes 
through the superconducting linac. This scheme 
possesses rich opportunities for particle manipulation in 
the longitudinal phase space allowing simple optimization 
of electron beam parameters at top energy and along the 
acceleration cycle. One can launch the electron beam at 
different RF phases on each passage through the linac by 
adjusting the time that it takes for electron bunch to come 
back to the linac. This technique can be used to create (or 
compensate) an energy chirp along the electron bunch 
with individual features on each orbit turn. It is also 
possible to regulate the Rj^ time-off-flight parameters of 
different arcs and control the amount of bunch 
compression on every orbit turn of the recirculation. 

During our study we exercised several different options 
and chose what we beUeve is an optimal one. The driving 
criterion for this choice was obtaining an electron bunch 
at top energy with small energy spread (less than 1 MeV) 
and with a pulse duration of 2-3 ps. In all studies 
significant effort was given to optimization of the 
injection chain, namely to acceleration in the injector 
linac, linearization of the electron beam footprint in the 
longitudinal phase space with a third harmonic cavity, 
creation of the correlated energy chirp along the electron 
bunch before bunch compression, and finally to the bunch 
compression. This system is briefly described in another 
report at this conference [2].   In this report we focus 

mainly on the electron beam acceleration in the 
recirculating accelerator. 

RESULTS 
Our present scheme assumes acceleration of a - 20 ps 
electron bunch to ~ 120 MeV and its compression to - 2.5 
ps before injection into the recirculating accelerator. No 
fiuther compression in the recicrculating accelerator is 
considered, since we found that it is difficult to deal with 
CSR effects in the magnetic arcs for a shorter bunch. We 
also tried gradual compression of the electron bunch in 
the recirculating accelerator along the acceleration and 
found it somewhat less attractive than acceleration of a 
short bunch right after injection. However the optimum is 
rather shallow as one can judge fi-om Figure 1. 

Figure 1. Energy spread at the end of the acceleration 
versus the bunch length: longitiidinal emittance 6x10"' 
eV-s (red curve) and 4x10"' eV-s (blue curve). 

This figure shows beam energy spread at the final energy 
as a function of the bunch length calculated for two values 
of the normalized longitudinal emittance: exlO'' eV-s and 
4x10" eV-s. Since we consider a uniform rectangular 
distribution these numbers represent an entire phase space 
area. The emittance contiibution dominates when the 
election bunch is short while for a longer bunches 
electrons sample more non-linearity in the acceleration 
field and this leads to increased correlated energy spread 
in the bunch. Thus there appears a shallow minimiun near 
3 ps bunch length. We chose to have a slightly shorter 
bunch length to provide a better match to the x-ray beam 
line optics. 

We include longitudinal wake field effects in tiie linac 
and CSR effects in the arcs in our analysis. In this study 
we did not consider wake fields related to the resistive 
wall effects. In order to account for the longitudinal wake 
field effects in the linac we use the wake fimction: 

w(s) 
pCm 

= -38.1 1.165 exp 
3.65 mm 

-0.165 (1) 

given in [3] for a point charge steady state wake of a long 
linac. For a uniform stepped fimction charge distiibution 
shown in Figure 2 we calculate energy loss of elecfa-ons as 
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a function of their position in the bunch using the 
following expression: 

1 dEJs) 
Q   dz 

eW 

pCm 
19.05 J   1.165 exp -   - ^T^ 

3.65 mm 
■0.165 Ifc 

(2) 

where h is the bunch length. The right hand side of Eq. 
(2) can be fitted by a quadratic polynomial with high 
precision and for 2 ps bunch length we obtain: 

1 dE{s) 

Q    dz 

eV 

pCm 
•15.25 -13.721—l + 1.33p^ (3) 

This formula was used in our calculations. The agreement 
between formulae (2) and (3) is demonstrated in Figure 3. 

lb 
p(t), 

/\ A 0.8 

O. S \ 
0.4 ^ 

°y V 
-S Sot, 5             lO 15 2 O 25 

Figure 2. The longitudinal density of electrons. 
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Figure 3. The longitudinal wake function for the linac. 
Dots show calculations using exact expression (2) and the 
solid line show calculations using fitting formula (3). 

In order to account for CSR effects we used the CSR 
wake function from [4] and obtained the following energy 
loss per unit length of trajectory: 

Ne^ dEjs) ^        :  
dz   ^   3"'^a,p'" I 

2al ds' (4) 
{s-s) 

where N is a number of particles per bunch, and e is the 
electron charge. Deriving (4), we assume a uniform 
longitudinal density distribution X(s) = N/li, in interval 

0 < 5 < /j  with smooth transitions at the edges with a 

characteristic length cf, as shown in Figure 2. 
Integral (4) can be evaluated in analytical functions. 

Figure 4 shows the plot of dE{s)l dz.   One can notice 

that dE{s)ldz~\ls^'^ over the entire length of the 

bimch excluding edges.   For this functional dependence 

one can consider partial compensation of the energy 
variation within the electron bunch induced by CSR by 
using off-crest acceleration in the linac. 

Figure 4. CSR induced energy loss dE{s) I dz for an 

electron density distribution shovra in Fig. 2. 

Using 1/s"^ dependence for CSR wake function one can 
calculate the average energy loss per electron due to CSR 
in the magnet of the length Z,^ for main core particles with 
the expression [4]: 

KE=h^Y-mds. 
h\    dz -2/3/4/3      m ■ 

y   'b 

(5) 

This is the so-called free space radiation. In practice, the 
electron bunch moves inside the vacuimi chamber that 
acts as a waveguide for the radiation. Not all spectral 
components of the CSR propagate in the waveguide and 
therefore the actual radiated energy is less than in the free 
space environment. For an estimation of the shielding 
effect of vacuum chamber we follow recipe suggested in 
[5]: 

A^shieided / A£freespace ^ 4.2(«„ In, f exp(- In,, In,), 

(",h>nc') (6) 

Here w,^ =-yl2l7>{jtplhf'^ is the threshold harmonic 

number for a propagating radiation, h is the height of the 
vacuum pipe, n,= pic, is the characteristic harmonic 

number for a Gaussian longitudinal density distribution 
with the rms value of cj. The meaning of n, is that the 

spectral component of the radiation with harmonic 

numbers beyond n^ is incoherent. We define q. =liJ3.22. 

This gives us the closest approximation of spectra for the 
uniform stepped density distribution with the spectra for 
the Gaussian distribution. All our calculations were 
carried out for h=7mm and 1 nC bunch charge. 

We apply this analysis beginning fi-om the phase space 
distribution obtained after particle tracking through the 
bunch compressor and the first pass through the linac with 
CSR and longitudinal wake field effects, using Elegant 
[6]. 
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Figure 5. Longitudinal phase space at the end of the first 
pass through the linac. 

This distribution is shown is shown in Figure 5. Red and 
blue color show approximately 10% of particles from the 
head and the tail of the bunch. The bulk of the particles 
are shown with yellow color. One can notice that most 
distortions are gained in the transition areas of particle 
density. The longitudinal phase space after the second 
and the third pass through the linac and at the final energy 
is shown in Figure 6. Noticeably not much energy spread 
is gained during the acceleration. We found that the RF 
phase of 8° for the first beam pass through the linac and 
RF phases of 5°, 3°, and 6° on subsequent passes are 
optimal to provide reasonable compensation for correlated 
energy variations along the bunch induced by the CSR 
and longitudinal wake field effects. 

SUMMARY 
The longitudinal dynamics of electrons during the 
acceleration in the proposed recirculating accelerator 
LUX has been analyzed. The preliminary results indicate 
that the machine has sufficient flexibility to be able to 
counteract and balance effects of coherent synchrotron 
radiation in the magnetic arcs and the longitudinal wake 
field effects in the linac. We conclude that the 1 nC 
electron bunches with bunch length of 2-3 ps can be 
accelerated to the final energy without excessive growth 
of the energy spread. 

We acknowledge usefiil discussions with J. Corlett, S. 
Lidia, J. Staples and extremely helpful guidance regarding 
use of Elegant from P. Emma. 

[6] M.  Borland,  Phys.  Rev.  Special Topics,  Vol 4, 
070701(2001). 
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Figure 6. Longitudinal phase space at the end of the 
second pass through the linac (top plot), third pass 
through the linac (middle plot) and at the final energy 
(bottom plot). 
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NEWLY DEVELOPED INJECTION MODE OF PLS 

M. G. Kim, J. Choi, J. Y. Huang and E. S. Park 
Pohang Accelerator Laboratory, Pohang, Gyungbuk, 790-784 Korea 

Abstract 
At the Pohang Light Source, 2 GeV electron beam had 

been injected to the storage ring and increased to 2.5 GeV 
using an energy ramping system previously. This ramping 
process was regarded as a source of closed orbit 
distortions. The successful upgrade of injection power of 
the PLS linear accelerator has enabled to develop the fUll 
energy injection mode, where 2.5 GeV electron beam is 
injected and synchrotron radiation is provided to the 
photon beamlines without the ramping process. With the 
constraints of preserving the so called "golden orbit" and 
parameters something like betatron tunes, new optimized 
sets of magnetic fields are searched for, taking into 
account of possible septum magnetic field leakage. The 
observed results and improvements after the newly 
employed mjection mode are reported. 

INTRODUCTION 
The Pohang Light Source (PLS) consists of a linear 
accelerator and a storage ring. The linear accelerator used 
to be a 2.0 GeV machine. But since the storage ring is 
capable of storing 2.5 GeV beam, energy ramping in the 
storage ring was used. 

Obviously one of the primary requirements from users 
of third generation synchrotron light sources is the 
stringent transverse stability of the X-ray beam emitted 
fi'om the bending magnets and insertion devices. However, 
a long-term drift of the closed orbit is routinely observed 
in PLS. Between each beam injection occurring in every 
12 hours, the closed orbit is drifted up to 20-160 \mi. 
Since the horizontal beam size is about 200 (im, this drift 
corresponds to 20-80 % of the beam size, which needs to 
be corrected to less than 10 %. Unfortimately, a part of 
this drift was found to come from the energy ramping 
procedure. 

The storage ring has been operated at 2.5 GeV since 
1999 by acceleration (energy ramping) procedure of the 
stored beam. We foimd that the acceleration procedure 
was one of the sources of long-term orbit drift. So we 
tried to inject 2.5 GeV fiiU energy beam without using any 
acceleration procedure in the storage ring. This paper will 
describe problems caused by the acceleration process in 
the storage ring, and their cure by full energy injection. 

ACCELERATION PROCESSES 
Basically the ramping procedure simply consists of 

increasing the currents of the magnet power supplies 
(MPS) step by step. But the real procedure is not easy in 
order to keep the storage ring optics unchanged. The 
relation of the MPS current to the corresponding magnet 
current is not linear. In the normal operating region near 
2.0 GeV, it is almost linear, but outside that region the 

discrepancy grows. Since the discrepancy is different for 
different magnets, even if all the MPS currents are 
increased by the same percentage, the real magnetic fields 
do not change correspondingly and thus the linear optics 
such as betatron tune is distorted. Even though the amount 
of distortion in each step is very small, if the ramping 
procedure continues this way, tiie betatron tune shifts 
keep growing and finally the beam blows up. Therefore 
we tried to keep the betatron tunes same in each step. For 
this purpose, all MPS should not change by the exactly 
same percentage, but each MPS current should be fine 
tuned with respect to the basic percentage was chosen to 
be 0.3 %. In a number of machine studies, we obtained 
data of appropriate MPS current setting values to keep the 
betatron tunes same in each step. In order to be sure of 
safe and stable ramping, we chose the conservative value 
0.3 %. 

Ramping/Degaussing 
We accelerated the stored beam to 2.5 GeV with 

ramping/degaussing process from 1999 to 2001. There 
are several control steps in the process: 
• 2.5 GeV stored beam dimip down. 
• Degaussing all magnets for 2.0 GeV beam injection. 
• 2.0 GeV beam injection. 
• Acceleration to 2.5 GeV. 
• Set golden orbit for user service 

After the injection, we found routinely long-term orbit 
drift abovel60 nm during user service. (See Fig. 1). 

s. 

Fig. 1 RMS change during user service run with ramping/ 
degaussing process for 10 days. 

In PLS, one user service run is normally 10 days. 
Therefore it is the primary job to keep the orbit stable for 
10 days. But the ramping/degaussing procedure gave a 
perturbation to the orbit stability. Because of the 
degaussing,  the  magnet  cooling  system  had  sudden 
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chaotic effect of temperature fluctuation, which caused 
small perturbation to the beam orbit right after the 
injection/ramping procedure. Obviously, this perturbation 
vanishes after a long enough time, but it is preferable to 
eliminate the perturbation. And the ramping process had 
another problem; it gave a big load to control system and 
thus there were some control faults in each user service 
run. 

To solve these problems, we separated the ramping 
control system fi-om the main control system and used 
ramping/de-ramping process beginning from May 2001. 

Fig. 2 RMS change during user service run with ramping/ 
de-ramping process 

Ramping/De-ramping 
The new energy ramping system from 2.0 GeV to 2.5 

GeV was installed and used for regular beam injections 
from May 2001 to Oct. 2002. De-ramping capability from 
2.5 GeV to 2.0 GeV was added in the new system to 
reduce the thermal variation in the magnet cooling 
system. So we did not dump down the 2.5 GeV stored 
beam before the injection of 2.0 GeV beam. There are 
several control steps in the process: 
• Deceleration of the stored beam to 2.0 GeV. 
• Set injection orbit for 2.0 GeV beam injection. 
• 2.0 GeV beam injection. 
• Set intennediate orbit for acceleration. 
• Acceleration to 2.5 GeV. 
• Set golden orbit for user service. 

Table 1: Control faults and injection time 

Injection Mode 

Ramping/old 
control system 

Ramping/separated 
control system 

Full energy 
injection 

Fault number 
of control/run 

4.0 

1.2 

0.3 

Injection time 
(minute) 

20-15 

15-10 

With the separated ramping control system, the number of 
control faults was reduced (See table 1). 
But the orbit drift still existed (See Fig. 2). This is because 
the cooling temperature fluctuation still existed in 
ramping/de-ramping process. Furthermore the hysteresis 
of the magnets could not be eliminated in the process. So 
the orbit drift caused by cooling temperature fluctuation 
still remained as a problem to be solved. 

FULL ENERGY INJECTION 
We concluded that the injection process should be 

simplified and thus we tried the fliU energy injection of 
2.5 GeV beam. 

Linac Upgrade 
The linear accelerator of PLS had been operated 

continuously by 11 modules, klystron-modulator system 
(MK) as an injector since December 1994. For 2.0 GeV 
operation, the required microwave output power from 
each MK system is approximately 45 MW average at a 10 
Hz repetition rate. For the more stable operation, the 12th 
MK module was installed and has been operated since 
1999. This has contributed to an improvement of the linac 
energy margin. 

The MK12 module consists of two accelerating 
columns supplied with RF power by one klystron of 80 
MW peak, an in-house made modulator of 200 MW peak, 
and one pulse compressor. The auxiliary systems such as 
vacuum and cooling water were established by extending 
the existing system. At commissioning, we obtained the 
maximum beam energy of about 147 MeV. One of the 
modulators has been running at 17 kV without RF power 
as it had to keep a spare modulator. This K&M system is 
kept at normal operational status throughout the whole 
year, except for the regularly scheduled maintenance 
periods. 

Full energy of the linac has been raised continuously by 
various fine tunings like upgrade of IPA controller and 
cooling system. In November 2002, we achieved stable 
2.5 GeV electron beam at the end of the linac for fiiU 
energy injection. 
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Fig. 3 Orbit correction due to the leakage filed of septum 
magnet. 
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Effect of the Leakage Field of Septum Magnet 
In PLS, a Lambertson type septum magnet is used for 

injection from the linear accelerator to the storage ring. It 
bends the injected beam from the beam transfer line 
vertically and injects it horizontally to the storage ring. In 
the new 2.5 GeV injection circumstance, the septum 
magnet showed some leakage field, which can cause 
additional vertical orbit distortion (see Fig. 3). But it was 
found that the leakage filed is not strong enough and thus 
the orbit correction utility of PLS can correct the orbit 
without any problem. Hence the septum magnet leakage 
field is not any problem for keeping golden orbit for users. 

Full Energy Injection 
Since November 2002, full energy injection has been 

operated successfiilly. The most important outcome of this 
full energy injection mode is the improvement of the orbit 
stability. Fig. 4 shows the reduction of the orbit drift, 
especially in the horizontal plane (from 160 jxm to 20 |am). 

0.2     S 

^■0.1     O. 

10       11        IZ       13       14       15       It       17 

Date 

Fig. 4 RMS change with full injection mode during 10 
days. Blue line shows stored beam current, sky blue line 
shows gap of insertion device, red line is horizontal RMS, 
green line is vertical RMS. 

By reducing the orbit drift caused by energy ramping, 
we can focus more on other sources of orbit distortion 
such as gap variations of insertion device (see also Fig. 4) 
or effect of stored beam current (see Fig. 5). Fig. 5 shows 

the orbit distortion at each injection. The variances of the 
orbit deviations from the orbit right after every injection 
suggest a strong dependency of the closed orbit 
distortions on the stored beam current as shown by the red 
and blue peaked lines, although it is not easy to 
thoroughly sort out all the errors involved in measuring 
the orbit distortions. In an operational point of view the 
figure shows that the 10% beam size stability requirement 
was approximately achieved by the newly developed full- 
energy injection mode. 
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Fig. 5 RMS change in every injection about 12 hours 

SUMMARY 
By maximizing the capabihty of the PLS linear 

accelerator, it was possible to inject 2.5 GeV beam to the 
storage ring. This full energy injection improved the orbit 
stability. At the moment, PLS is using the full energy 
injection successfully. 

REFERENCES 
[1] K. Kim, K. Shim, J. Choi, M. Cho, W. Namkung and I. 

Ko, Jpn. J. Appl. Phys., Vol. 39, Oct. 2000, p.6094. 
[2] 1998, 2000 and 2001 Pohang Accelerator Laboratory 

Annual Report. 
[3] J. Huang, S. Park, W. Hwang, D. Kim and S. Nam, 

"Improved Closed Orbit Measurement System for 
PLS," PAC2001, Chicago, May 2001, p. 1384. 

877 



Proceedings of the 2003 Particle Accelerator Conference 
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CONDUCTING CAVITIES IN SLS AND ELETTRA 
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Abstract 
In both ELETTRA and the Swiss Light Source (SLS), a 

complementary 3rd harmonic (1.5 GHz) idle super- 
conducting RF system has been recently implemented and 
commissioned, in order to lengthen the bunches and 
therefore improve the Touschek dominated beam lifetime 
[1]. Here below we report on the commissioning results. 

INTRODUCTION 
The conceptual design and the fabrication of the cavity 

modules were realized within the framework of the 
SUPER-3HC collaboration including Sincrotrone Trieste, 
CEA/Saclay and PSI [2]. The system is based on a 
"scaling at 1.5 GHz" of the 350 MHz two-cell-cavity 
developed at Saclay for the SOLEIL project [3,4]. It 
consists of two Nb/Cu cells, connected by a tube on 
which stand the couplers for the damping of the Higher 
Order Modes [5] (Fig. 1). 

■-sslaj^- 

Figure 1: 3D view of the S3HC module, showing the 
liquid He tanks surrounding both cells and the six HOM 
couplers mounted on the central tube. 

The maximum bunch lengthening (approximately a 
factor of 3) is achieved when the 3"* harmonic beam- 
induced voltage is about one third of the overall voltage 
produced by the main 500MHz RF system. The typical 
SLS operating conditions correspond to a main voltage of 
2.4MV at 500 MHz and 800 kV (4 MV/m) at the third 
harmonic. Under these conditions one expects 2-3 times 
greater beam lifetime. 

CRYOGENIC SYSTEM COMMISSIONING 
ELETTRA and SLS chose a common approach for the 

cryogenic system that feeds liquid Helium into the cryo- 
module. This system, thoroughly described in [6], is 
based on the use of the HELIAL 1000 refrigerator- 
liquefier manufactured by the company AIR LIQUIDE. 

Table 1 summarises the cryogenic load at foil voltage, the 
required liquefier performance at 4.5 K in mixed mode 
(refrigeration + Liquefaction) and the maximum 
cryogenic power produced during the commissioning. As 
shown below, the ciyo-source allows operation with a 
large safety margin that results in increased system 
reliability. 

Table 1: Cryo-load with 4 MV/m gradient (Qo=2 10*) 
and cryogenic source performance 

Components Load Comments 
2 RF cells 22 W Directly in LHe bath 
2 L-HOM couplers 3W Cooled by conduction 
4 T-HOM couplers 8.5 W Cooled by conduction 
2 Extrem. Tubes 0.2 W With 2x0.05 g/s cold Ghe 
Ciyo-module  static 
losses 

5.1 W With 0.071 g/s cold GHe 
in thermal shield (60K) 

Cryo-lines 6.5 W 

Total power needed at 4.5 K: 45.3 W refrigeration 
With tot GHe flow: 1.171g/s = 5.2 I/h of Uquefaction 

Specified power at 4.5K: 65 W (50% safety margin) 
With specified liquefaction duty of 7.5 1/h 

Max measured power at 4.5 K: 150 W of refrigeration 
Witli measured Liquefaction duty of 9.5 1/h 

After cooling of the S3HC cryo-module the measured 
static losses (without RF) were in very good agreement 
with the anticipate values 

S3HC COMMISSIONING 

SLS Warm Operation 
At room temperature, although the cavity is detuned 

between two revolution frequency side bands (fo=lMHz) 
and the induced voltage largely reduced, the beam can 
deposit a few lOOW into the cavity. The cavity is then 
cooled circulating some warm GHe from the compressor 
directly into the cryo-module, or as a backup solution 
using some purified compressed air [6]. Under these 
conditions the SLS has been operated with stable beam up 
to 200 mA of stored current. At higher current an 
overheating of the module was observed, which led to the 
excitation of a Coupled Bunch Mode (CBM) instability 
generated by the fimdamental mode of the warm third 
harmonic cavity. Better performance could eventually be 
achieved by improving the cavity gas cooling efficiency. 
At about the same current level a second CBM, related to 
the excitation of a HOM in the main RF system was also 
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observed. This instability could be eliminated with an 
improved tuning of the main RF system [7]. 

SLS Cold Operation 

In the SLS, the S3HC "cold operation" started on 
October V\ just after the first cavity cool down. 

In cold operation and when excited sufficiently far 
from resonance (5f»fJQ), the induced RF voltage and 
the power losses are given by [1]: 

V=h(R/Q)P5f  and   Pt=V'/(2R) (1) 

Here It, f- and ^= fr -S/RF are respectively the beam 
current, the cavity resonant frequency and the detuning. R 
is the shimt impedance and Q~2.1(f the quality factor. 
The global R/Q of the cavity (2 cells) is 88.40hms. 

In the parked position, when the cavity resonant 
frequency is set to 500kHz above the third harmonic 
{fr^3fRF+500kHz), the cavity is almost transparent to the 
beam and the induced voltage is negligible. Under these 
conditions, stable operation of the storage ring is 
presently limited to 200mA because of the CBM 
described above and correlated with an HOM of the main 
RF system. When the third harmonic RF voltage become 
larger the increased non-linearity of the global RF voltage 
generates additional Landau damping and the CBM 
instability no longer limits the operating current. This 
effects is re-enforced by the 20% empty RF buckets in the 
l|is bunch train, used to suppress ion trapping. The 
transient beam loading due to the empty gap, results in a 
phase dispersion along the bunch train, which produces a 
broadening of the synchrotron frequency and therefore an 
increased Landau damping. 

<sigma> = 42.6 ps <phase drift> = 687 ps 
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Figure 2: Streak camera measurement at 320mA. Bunch a 
and phase in ps versus position in the bunch train. 

Figure 2 shows a high resolution streak camera snap 
shot made at 320 mA for an average elongation factor of 
~3. One can observe that the phase shift along the bunch 
train increases considerably and reaches 38deg. The 
bunch length also changes along the train from a 
maximum of 66ps to a minimum of 24ps for an average 
value of 42 ps (~13ps without harmonic system). A 

detailed analysis of each single bunch shape nevertheless 
shows that the charge distribution within each bunch 
deviates only slightly from a Gaussian profile. 

In Figure 3 the streak camera measiurements, as well as 
the relative amplitude of the marginally excited CBM are 
plotted versus the elongation factor deduced from the 
measured average synchrotron frequency. 

2.6 2.8 3 

average elongation factor 

Figure 3: Phase drift and CBM amplitude at 320mA. 

As expected, we can observe an increase of the phase drift 
versus bunch elongation that results in additional damping 
of the CBM. 

A systematic beam lifetime measurement versus the 
induced voltage in the super-conducting cavity has been 
performed at 180mA, just below the CBM instability 
threshold, with a main RF voltage of 2.08MV (figure 4). 
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Figure 4:Average elongation ratio and lifetime versus 
S3HC voltage (180 mA - 2.08 MV operation). 

The expected maximum elongation of a factor of 3 is 
reached for a voltage of ~690kV, with a corresponding 
lifetime improvement of a factor 2.2. 

Stable operation at the design current of 400mA has also 
been demonstrated, with a lifetime of approximately 8 
hours, a factor of two higher than the expected one 
without the third harmonic system. 

ELETTRA Warm Operation 
The ELETTRA system was assembled during the 

summer 2002 shutdown. The commissioning of the 
cryogenic system lasted longer than expected due to some 
faulty components. Warm operation was required until 
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December, the cavity being cooled by a purified air flux. 
When the warm cavity is parked between two revolution 
harmonics the power deposited in the cavity by the 
detuned fundamental mode is sufficient to warm up the 
cavity at 2.0 GeV, 300 mA. This results in an interaction 
between the parked fimdamental mode and the beam 
spectrum lines such that the operation mode at 2.0 GeV 
could not be established. Thus an unforeseen operation at 
2.4 GeV, 140 mA, where the warm cavity is still 
transparent to the beam was necessary until December. 

ELETTRA Cold Operation 
On the 9* of January 2003 the cavity could be finally 

cooled down. The cryogenic system performance is 
beyond its specification similar to the SLS system. 

The cold cavity is almost invisible to the beam when 
parked, with a negligible induced voltage. It does not 
influence injection at 0.9 GeV and energy ramping to 
2.0/2.4 GeV. ELETTRA is more sensitive to CBM 
instabilities at low energies compared to the SLS and 
therefore the safety margin on the damping factor of the 
HOM couplers of S3HC is much smaller. We therefore 
stress that no effects of the HOMs of the S3HC have been 
observed at ELETTRA, for 300 mA, 2.0 GeV. 

Before installing the S3HC cavity the user's operation 
mode of ELETTRA at 300 mA and 2.0 GeV was with a 
controlled longitudinal CBM oscillation at a phase 
amplitude of about 20-25 degrees. The 500 MHz RF 
voltage at ELETTRA attains presently 1,68 MV thus the 
corresponding voltage at the third harmonic should be 
560 kV, which in tum corresponds to a detuning of 72 
kHz for 300 mA of stored beam. A 10% gap in the bunch 
train is used to avoid ion trapping. 

When tuning the S3HC towards the 3"* harmonic 
fi-equency, at 300 mA and 2.0 GeV, longitudinal coupled 
bunch instabilities are suppressed at a detuning of-100 
kHz, where the total 3"" harmonic voltage is -400 kV. At 
90 kHz, 440 kV voltage, that is 80% of the nominal value, 
a bunch lengthening factor between 2.5 and 3.0 is 
achieved. The lifetime with these conditions is 12 hours, 
which is almost twice the theoretical value. Comparisoii 
with measured values with a detuned S3HC are not 
possible, since the beam becomes longitudinally unstable. 

Figure 5: 250 mA, 2.0 GeV, streak camera images. On the 
left S3HC detuned, longitudinal oscillations present; on 
the right S3HC tuned, stable beam. Theoretical cr without 
S3HCisl8ps. 

At ELETTRA injection is performed once a day and 
the beam current decays in 24 hours fi-om about 300 mA 

down to 100 mA. To keep constant the effect of the S3HC 
a voltage feedback has been implemented which acts on 
the tuning system of each cell. The feedback is opened at 
about 160 mA because, for lower currents, the S3HC 
fi-equency approaches the +3fs sideband; an instability is 
then observed causing beam loss. 

Tuning the cavity close to the nominal voltage is not 
straightforward. The voltage increase, even for small 
tuning steps, is large and eventually activates the cavity 
over-voltage interlock. So far the cavity has not been 
tuned for a total voltage larger than 450 kV. 

"■57 15.21 17.45 20.09      Time 22.33 

Figure 6:  Voltage  feedback operation;  the measured 
voltage is 15% less than theory due to calibration errors. 

Technological problems are still limiting cavity 
performance. A leak in the insulation vacuum of a cold 
helium gas line of die cryogenic plant caused an unstable 
behaviour of the system. Since mid March the timing 
system of cell 1 is out of order; both problems will be 
sorted out during the next shutdovra in June. 

CONCLUSIONS 
The third harmonic super-conducting system installed 

in the SLS storage ring significantly improved machine 
performance in terms of current and lifetime. The 
additional Landau damping generated by the harmonic 
system was demonsft-ated to be an efficient way to damp 
longitiidinal coupled bunch instabilities. This effect 
allowed stable operation of tiie SLS at the design current 
of 400 mA. A lifetime improvement slightly higher than a 
factor of two has been measured up to 400mA. 

Also at ELETTRA the results are quite satisfactory, 
despite technological problems that are still limiting 
complete system operation. The cavity has been active 
during operation for users, allowing for the first time to 
store a beam fi-ee of longitiidinal coupled bunch 
instabilities at 2.0 GeV, 300 mA. At the same time a 
lifetime increase close to a factor two has been observed. 
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Abstract 
The SPring-8 storage ring has improved its reliability 

and beam performance. At the beginning of year 2001, a 
project of beam orbit stabilization started aiming for the 
stability of sub-micron. By two years' activities, we have 
taken a remarkable progress on improvement of the orbit 
stability of the SPring-8 storage ring. Recently, optics of 
the ring was changed from the Double Bend Achromat 
type to new one with finite dispersion at the straight 
section for insertion devices. The horizontal emittance of 
3 nm.rad was obtained which is close to the theoretical 
value. To increase time-averaged brilliance in several 
bunch operation, we have prepared a top-up operation in 
user time from September 2003. In this paper, the 
operational status and recent beam performance of the 
SPring-8 storage ring are presented. 

OPERATION IN 2002 

Operation Statistics 
In 2002, the SPring-8 storage ring was operated on four- 

or five-week period for one operation-cycle. The total 
operation time of accelerator complex was 5542.9 hours. 
70.3% (3896.7 hours) of the operation time was available 
to the users and 1.1% (60.8 hours) was injection time. 
3.4% (190.5 hours) of the operation time was the down 
time due to failure. There was a major failure at 
June 2002 leading to a great deal of lost user time. 
Cooling water leak to vacuum vessel of in-vacuum 
undulator occurred, and the in-vacuum undulator was 
removed from the storage ring. And then, a dummy 
vacuum chamber was re-installed. As a result, user time 
of 134.5 hours was cancelled. The remaining 25.2% was 
dedicated for: (i) the machine and beamline study, (ii) the 
machine and beamline tuning, (iii) the commissioning of 
new photon beamlines. 

Filling Modes 
Three different filling modes were delivered to the user 

time; 35.0% in the multi-bunch mode operation, 47.2 in 
the several bunch mode such as 203-bunch mode (203 
equally spaced bunches), 84 equally spaced 4-bunch 
trains, and the remaining 17.8% in the hybrid filling mode 
such as a 2/11-partially filled multi-bunch with 18- 
isolated bunches. For the hybrid filling mode, 1 or 1.5 mA 
is stored in each isolated bunch. A purity of isolated 
bunch better than 10"' is routinely being obtained. 

*ohkuma@spring8.or.ip 

NEW OPTICS 
We tried to reduce the emittance by breaking the 

achromatic condition imposed to Chasman Green 
cells[l][2][3]. This method is effective for the case where 
undulators with a moderate field are used as main 
insertion devices (IDs). The SPring-8 storage ring just 
meets this condition [4] and the calculation shows that 
about 20 % extra reduction is also obtained by closing 
gaps of all IDs to the minimum even after breaking the 
achromatic condition. In the summer shutdown, to realize 
the new optics we modified cabling of the quadrupoles in 
the dispersive arc to change the strengths of the 
quadrupoles keeping the phase matching condition over 
each long straight section. Since September 2002 we 
started the machine tuning of this new optics with the 
distributed dispersion. Figure 1 shows the new optical 
function. As a result, from the last operation-cycle of 
November 2002 this new optics was released to user 
operation. The achieved emittance is about 2.8nmTad 
with all ID gaps closed. This agrees well with the 
predicted value. The major beam parameters of the 
SPring-8 storage ring before and after introducing the new 
optics are listed in Table 1. 

50 100 ISO 

Path Length from Injection Point s [m] 

Figure 1: Optical function for new optics. 

ORBIT STABILITY 
A project of beam orbit stabilization has been started 

from February 2001. The first year was just for the survey 
of fluctuation sources and in the second year 2002 the 
suppression of the vibration sources was carried out as 
follows. (1) By observing the correlation between the 
vacuum chamber vibration and the beam fluctuation, the 
broad peak around 30Hz in the vertical beam spectrum is 
caused by the vibration of upstream chamber in a unit 
cell. When the vacuum chamber vibrates in quadrupole 
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magnetic field, eddy currents are induced on the vacuum 
chamber wall, which generate electro-magnetic fields and 
result in shaking the electron beam[5]. On the basis of 
measured data, we have done some improvements to 
reduce the chamber vibration. By this counter measures, 
the vertical beam fluctuations around 30Hz were reduced 
by one order in amplitude as shown in Fig.2. This 
improvement is also effective to suppress the horizontal 
beam fluctuations from 50 to 100 Hz and the amplimde in 
this frequency range was reduced by factor 3. 

(a)Vibration of Vacuum Chamber 

Table 1: Parameters of SPring-8 storage ring. 
2003.n.'i.n8 

0.0001 
50 100 

Frequency [Hz] 

(b)Vibration of Beam Orbit 

150   '  '   200 

50 100 

Frequency [Hz] 
150 200 

Figure 2: Vertical vibration of vacuum chamber and 
stored electron beam before and after improvements [6]. 

(2) To suppress the slow orbit drift, we increased the 
number of air-core type steering magnets with high 
resolution and low hysteresis from twelve to twenty-four 
in the summer shutdown of 2002. This increases the 
degree of freedom for the correction phase. In principle, 
this is effective to reduce the slow drift. To avoid the 
mixing between the circumference change and orbit 
distortion due to the increment in the steering number, we 
adopted the algorithm to subtract the contribution of the 
energy shift from the measured orbit. By using the new 
periodic correction system, horizontal and vertical orbit 
deviations were reduced by a factor two, down to about 5 
mm in rms for one-day operation. 

Old Optics New Optics 

Tunes (v,/v,) 
Current[mA]:        single bunch 

multi bunch 
Bunch length (FWHM)[psec] 
Horizontal emittance[mnTad] 
Vertical emittance[pm-rad] 
Coupling[%] 
Operation chromaticities 

(Ix/I,) 
Momentum acceptance[%] 
Energy spread (AE/E) 
Lifetinie[hr]: 
100mA (multi bunch) 
1mA (single bunch) 
Dispersion distortion[mm]: 
horizontal (rms) 
vertical (rms) 

40.15/18.35 
13 
100(120*') 
32 
6.3»V6.6'' 
16.9" 
0.26*' 

+7/+6 
2.6 
0.0011 

-ISO*' 
-24 

4 
1.1*' 

40.15/18.35 
10 
100 
34 
3.1*= 
3.9*^/8.7*' 
0.13*^/0.28*' 

+8/+8 
2.1 
0.0011 

~97*= 
-9 

9.3 
1.1*' 

Note: Lifetime before and after introducing the new optics can not be 
compared because of differences in operation chromaticityes. 
*' maximum stored beam current at machine study 
*' estimated with the beam size measured by a pulse bump and sciaper[7] 
*'estimated with the beam size measured by two dimensional 
interferometer[8] 

** estimated with the beam size measured by two photon correlation^ 
*' (12-1)*160 pulse train [normal beam-filling pattern for multi-bunch 
operation], Vrf=16MV, typical value at user time operation 

** with correction by 24 skew Q's 

TOP-UP OPERATION 
Since 1999 we have been investigating the realization of 

"top-up operation" in the SPring-8 storage ring. In the 
year 2002, we set a target to introduce top-up operation to 
user time from September 2003. To meet this time 
schedule, we are rushing to upgrade a machine control, 
beam monitors, and an interlock system for radiation 
safety, and to design and manufacture the new injection 
bump magnets and their power supplies. 
There are two major problems as follows; 

(l)Demagnetization of undulator magnets due to frequent 
beam injections: This phenomenon is occurred by the loss 
of injected beams at a narrow vertical aperture of an in- 
vacuum undulator. In consideration with both the 
experimental and simulation results, we have designed the 
collimator system to cut the horizontal beam tail. This 
system will be installed in the beam transport-line from 
the booster synchrotron to storage ring. (2)Excitation of 
betatron oscillation of stored beam by beam injections: 
An off-axis beam injection was adopted to store the high 
current by repeating beam injections. The bump orbit for 
the injection is generated by 4 pulse bump magnets. The 
magnetic field pattern is a half-sine of which width is 
about 8 \K%. As this bump orbit is not closed completely, 
the stored beam suffers error kicks in passing through 4 
bump magnets and then the betatron oscillation is excited. 
We found that the oscillation was mainly excited by 
following two   effects;   (a)   One   is   the   effect  of 
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nonlinearlity due to sextupoles within the bump orbit. We 
think that error kicks due to this effect can be 
compensated by one or two correction pulse magnets, (b) 
The other is cause by the existence of two types of bump 
magnet. These two have the different patterns of eddy 
current, which change the shape of the field overshoot. 
We think this comes from the eddy currents at the end 
plates of each magnet. To solve the problem, we have 
designed new magnets having end plates made by 
insulating material to reduce an eddy current effect. 

LOW ENERGY OPERATION 
In general, the emittance of stored beam is proportional 

to the square of its energy and can be reduced by lowering 
the beam energy. The bunch length is also reduced when 
we lower the energy. This reduction of emittance and 
bunch length will open up a new opportunity of using 
brighter synchrotron radiation with shorter pulse lengths 
in SPring-8. For this aim, we performed the ramping 
down of beam energy from a design value of 8GeV and 
the beam injection at 4GeV. In the ramping down 
experiments, we first stored a low-current beam of 5mA 
in a muM-bunch mode and then lowered the energy, step 
by step, down to 4GeV. At each step of beam energy we 
measured beam parameters, such as a horizontal beam 
size, bunch length, synchrotron frequency, etc., and 
compared with expected values obtained from a single- 
particle picture as shown in Fig.3. We found no 
significant difference between measured and expected 
values. Beam instabilities were not observed in the above- 
mentioned current and a filling mode. We also performed 
a beam injection at 4GeV. To improve the efficiency of 
beam injection and hence increase the stored current, 
further studies are planned such as optimization of the 
strength of harmonic sextupole magnets and correction of 
optics distortion. 

- Beam size [[im] I 

#    MeasuieJ 
 Calculated value 
 Calculated value -t-jitter 

er 

5 6 
Energy [GeV] 

Figure 3: Horizontal beam size and bunch length as a 
function of beam energy. 

ACCELERATOR DLiGNOSTICS 
BEAMLINES 

The accelerator diagnostics beamline #1, which has a 
bending magnet light source, is in operation. The visible 
synchrotron light is used for longitudinal diagnostics of 

the stored electron beam, such as bunch length and single 
bunch impurity. Single bunch impurity is measured by a 
gated photon counting method that utilizes fast pockels 
cells for switching light pulses[10]. To improve the 
extinction ratio or isolation of the light shutter, the optical 
system was improved that two pockels cells are arranged 
in tandem. The sensitivity to satellite bunches of the order 
of 10''" of the main bunch has been achieved. 
A beam profile monitor based on a phase zone plate has 

been installed (Fig. 4)[11]. The synchrotron radiation 
from a dipole magnet source is imaged by a single-phase 
zone plate. Monochromatic X-ray is selected by a double 
crystal monochromator, which covers the energy range of 
4 to 14 keV by Si (111) reflection. An X-ray zooming 
tube observes the X-ray image of the electron beam. 
Results from preliminary experiments show that the 
observed profile of the beam is affected by small bend in 
the monochromator Si crystals, which was predicted from 
extensive measurements of the rocking curves of the 
monochromator. The experiments will resume after 
improvement of the crystal holders of the 
monochromator. 

Double Crystal 
Monochromator 

X-ray Zooming Tube 

Phase Zoon Plate 

Figure 4: Optical system of X-ray imaging of the electron 
beam. 
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Abstract 

High operation rate is required for synchrotron radiation 
sources for their many users. Keeping high operation rate, 
we need to maintain the equipments continually and raise 
the reliability of each component. To raise the reliability, 
it is important to clarify the cause of failure of 
ecpipments. In this paper, we describe the major magnet- 
related failure experiences of the past six years for the 

. SPring-8 storage ring: failure of flow switch, dissolution 
of copper in water, and radiation damage of equipments. 

INTRODUCTION 
The SPring-8 storage ring is the third genaation 

synchrotron radiation source with 1436 m circumference 
and 6 nm emittance and has been operated since 1997[1]. 
Since radiation sources especially large facility like 
SPring-8 have many users, the high operation rate is 
required. To maintain the high operation rate, the high 
reliability of components of the storage ring is needed. 

In the SPring-8 storage ring, actual operation rate for 
scheduled one since 1997 is 98.3 %. In 2001, total 
scheduled operation time is 5456.1 hours and the down 
time is 87.1 hours. Down time due to failures is only 
1.6 %. In the failure time, about a half is due to beam 
line failures and the residual is due to injector and storage 
ring. The causes of the storage ring failures are due to RF, 
magnet, vacuum, and control. In this paper, magnet- 
related failure experiences are described. 

In 1997, magnet-related failures were mainly power 
supply troubles. In 1998, failures of magnet flow 
switches occurred ftequently. In the same year, strainers 
for cooling water was found to be covered with red 
substance, the main component of which was copper 
dissolved fiom the coil surface. In 2001, a rubber hose 
was broken die to radiation damage. Since then five 
rubbCT hose was broken. In 2002, cooling water leaked 
from the sextupole magnet coil. The causes of failures are 
changing with the operational years. We describe about 
the flow switch, coil and radiation damage in this paper. 

FLOW SWITCH 
Operation of cooling water system was started in May 

1996. First failure of flow switch occurred in June 1998 
for sextupole magnet and since September of that year, 
failures occurred frequently. We studied the cause of failure 
and concluded to change them for the other type of flow 
switch. 

The number of flow switches and the parametas of 
cooling water are shown in Table 1 and the straaure of a 
flow switch is shown in Fig. 1. When the water flows in 
a flow switch, the pressure difference between before and 
aftCT orifice is gen^ated and due to this pressure difference, 
a rod moves downward. If the flow rate reduces, the rod 
moves upward and a micro-switch becomes off state. 
Tho-e were two capabilities as the cause of failures. One 
was the hardening of rubber d^hragm and the otho- is the 
erosion of rod The maker thought it was due to the 
hardening of a rubber d^hragm. We measured the 
hardness of the daphragm. Results are shown in Table 2. 
There is only a small dfference between used and unused 
diaphragms. 

Table 1: The number of flow switches and parameta^ of 
cooling water.  

number 
bending 
quadrupole 
sextupole 

88 
464 
292 

flow rate (l./min) 
^^20 
10-18 
4-6 

velocity (m/s) 
~I 

2-4 
0.8-1.3 

rod 

diaphragm 

Figure 1: Structure of flow switch. 

Table 2: Hardness of diaphragm rubber 

used 

unused 

position hardness 
upper 
lower 

lower 

81 
82 

79 

Next we observed the rod The rods for used and unused 
flow witches are shown in Fig. 2. The rod is seriously 
damaged by erosion. If the rod becomes thin by o-osion, 
pressure loss becomes small. We measuitd the pressure 
loss for used and unused flow switches. Pressure losses 
for used and unused flow switches are 0.024 MPa and 
0.054 MPa, respectively. We concluded the cause of 
failure is due to the aosion of rod and resultant reduction 
of pressure loss of water flow. We stopped the use of this 
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type of flow switch  and employed float  type flow 
switches. 

ii|iiii|iiii|iiiiiiiii|iiinriii|riiTPi]nii[ini| 

Figure 2: Rods of unused and used flow switch. 

COIL 
In 1998, it was found that the surface of strainers for 

cooling water was covered with red substances. We 
analyzed them and found they were copper oxides. We 
then investigated the water. Copper of 100-400 ppb was 
dissolved in the water. The cooling water system is for 
magnet and vacuum chamber. We investigated the copper 
pipes and magnet coils. The inner surface of hollow 
conductor was slightly eroded. We concluded the copper 
dissolved in the water was fix)m magnet coils. The 
concentration of copper in water decreased with time and 
reached to the 10 ppb level. We thought that at first there 
was no copper oxide on the inner surface of coils but with 
time copper oxide covered the surface of inner surface of 
the coils and prevented copper to dissolve to the water. 

In May 2002, water leaked ikim a sextupole magnet 
coil. We removed the coil and exchanged to the new one. 
The leakage was occurred at the point where two coils 
were connected by brazing. There was a small hole made 
by corrosion on the surface of brazing point. We cut the 
coil and found that the brazing was insufficient. We 
concluded that the slight corrosion at insufficient brazing 
point led to the leakage of water. 

RADIATION DAMAGE 

Damaged equipments 

In January 2000, a new crane was installed for the 
magnet rearrangement to construct the 30 m long straight 
sections[2][3]. After two weeks beam time for users, we 
tried to operate the crane but it did not work. The 
electronic circuit of the crane was damaged. The crane was 
placed just above the crotch absorber. We thought the 
radiation from the CTOtch absorber damaged the electronic 
circuit of the crane. 

In September 2001, cooling water leaked fiom the 
rubber hose for quadmpole magnet at injection cell. 
Usually magnet hoses face to the inside of the storage 
ring but at injection cell, the hoses face to the outside of 
the ring to avoid interference with a transport line fiom a 
synchrotron. For that reason the rubbo- hoses face the 

absorber directly. We measured the radiation strength and 
the radiation level at the leaked hose is one or two orda- 
higher than the other cells. So we considered the injection 
cell was special. Rubber hose at injection cell was 
shielded by the lead. However in January 2003, water 
leaked fcom the other normal cell hose and during one 
month and a half since that time, water leakage occurred 
three times at normal cells. All leaked hoses were at Q7 
and QIO magnets, where they faced to the absorbers 
named AB3 and AB4. We exchanged the rubber hoses for 
all Q7 and QIO magnets where radiation dase is higher 
than the other magnets. 

Figure 3:  Water  leakage fi-om   a rubber  hose for  a 
quadmpole magnet. 

In 2001, damage of interlock wire became conspicuous 
as shown in Fig. 4 and Fig. 5. Cracked covers of the 
wires were mended in summer of 2002. As for the cover 
tube of connection point of interlock wire of heat switch, 
we left them untouched though the color is changed from 
brown to black. 

Figure 4: Cracked cover of interlock wire. 

(a) Undamaged tube. (b) Damaged tube. 
Figure 5: Cover tube of connection point of interlock 
wire. 

Measurement of radiation dose 

Radiation sources are the absorbers (AB1~AB4) and 
crotch absorbers (CRl, CR2) as shown in Fig. 6. 
Radiations from bending magnets are scattered by these 
absorbers and damage the surrounding equipments. 
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We measured radiation dose around the absorbers and 
crotch absorbers: radiation around quadrupole magnet coils, 
rubber hose, absorbers, interlock wires, cover of 
connection point of interlock wire, cover of a bending 
magnet power cable. The dosimetry media 
(GAFCHROMIC film) was used for measurements. 

placed for shielding the radiation. Maximum integrated 
dose is 2x10' Gy. It is clear that the thickness of the plate 
should be increased. 

AB4 CR2   AB3 CRl AB2 ABl 
(19.5%) (29.5%) (17.6%) (30%) (1%) (2.4%) 

010 09 08 B2 07 06 05 04 Bl 03 02 01 

Figure 6: Magnet and absorber arrangement and radiation 
power distribution from the bending magnets. Total 
radiation power per cell is 21 kW. 

Measurement Results 

Magnet coil 
Measurements were done for the quadmpole magnets of 

both ends of girders. One of the measurement results is 
shown in Fig. 7. Integrated current during irradiation was 
0.1179 A*h. Integrated current at April 2003 is 1678 A. 
Therefore maximum integrated dose is 1.6x10'' Gy. No 
radiation effect is observed for magnet coils until now, 
however, if thwe is any effect, it becomes saious. So we 
are planning to study the radiation effects for magnet coils. 

*f=^^P?i. 

Figure 7: Measured results of radiation around the magnet 
coils. 

Rubber hose 
jfeadiation dose for the mbber hoses, from which the 

water leaked, was measured togetha- with the mbber 
hoses for both ends of the girders. Radiation doses for Q7 
and QIO magnets are one or two orders higher than the 
other magnet. Maximum integrated dose is 4x10^ Gy. 
There are eight mbber hoses for a magnet. Leakage 
occurred for the rubber hose at the same position. Rubber 
of leakage point was hardened by radiation. 

Absorber 
Radiation dose behind the absorber was measured as 

shown in Fig. 8. High energy x ray was transmitted 
through the chamber even though the lead plate was 

Figure 8: Radiation distribution behind absorber 3. 

Others 
Radiation dose around the cover of interlock wires was 

measured but it was under the measurable level of 
GAFCHROMIC film. Radiation level around the thomal 
sensor wire was 4x10^ Gy. 

White powder appeared on the surface of the insulating 
cover of the bending magnet power cable owing to the 
radiation. But radiation dose was less than the measurable 
level. 

SUMMARY 
Six years have been passed since the operation of 

SPring-8 storage ring started There were many failures in 
th^e six years. As for the magnet, following failures 
occurred. 

Magnet flow switches began to give a false signal. The 
rods of flow switches were CToded and pressure loss of 
water in the flow switch became small even if the 
sufficient water flowed, which caused a false operation. 
We changed them for float type flow switch. 

Water leaked from the brazing point of a sextupole 
magnet coil. The cause is that the surface of the coil at a 
brazing point was corroded and a small hole was madb, 
where the brazing was not sufficient. 

Water also leaked from the mbber hoses. Radiation 
scattered from the absorbers hit the rabber hoses of 
(jiadmpole magnet. Integrated radiation dose at the rabber 
hose was 4x10^ Gy. We exchanged all the rabber hoses 
near the absorbers. We are planning to shield around the 
absorbers. Problems of the radiation damage become 
serious with the increment of integrated current and it is 
one of the important subjects for the opo^ion of the 
storage ring. 
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COMMISSIONING LOW EMITTANCE BEAM AT ALADDIN* 
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Abstract 
The Aladdin storage ring is now routinely run in a low 

emittance configiu-ation at 800 MeV. Vertical beam sizes 
and lifetime are comparable to the original lattice, while 
the horizontal beam size is reduced by a factor of three. 
Tools used to commission the new lattice include model 
based correction to obtain the design machine fiinctions, 
and model independent correction to set the desired 
transverse coupling. Newly installed optical profile and 
position monitors, shunts to trim individual magnets, as 
well as implementation of a new control system scripting 
language, were important in achieving the desired results. 
Special attention was given to operation of the fourth 
harmonic bunch lengthening cavity used to improve the 
beam lifetime, and noise reduction in the RF system to 
improve photon beam quality on the infrared beamlines. 
In addition, compensation of undulators allows their 
strengths to be varied with minimum perturbation to the 
beam outside the regions of the undulators. Details of 
bringing the low emittance lattice to operational readiness 
are presented. 

INTRODUCTION 
The Aladdin storage ring at the Synchrotron Radiation 

Center (SRC) is operated at 800 MeV and 1 GeV as a 
VUV and soft x-ray source. A new lattice referred to as 
LF15 [1] has recently been commissioned for operation at 
800 MeV, which reduces the horizontal emittance from 
120 to 4171 nm-rad. The beam current is unchanged, 
remaining at 280 mA at the start of a fill. Combined with 
changes to the P functions, the horizontal beam sizes at 
the source points are reduced on average by a factor of 
three. Vertical beam sizes are unchanged. This increases 
the focused flux density available on most beamlines, and 
is especially usefiil for Users in fields such as 
spectromicroscopy. LF15 is now the usual operating 
mode for 800 MeV beam at SRC. 

INSTRUMENTATION AND CONTROL 
UPGRADES 

To bring LF15 to routine operational readiness, it was 
necessary to make several upgrades. These include 
improvements to the beam profile measuring system, 
implementing the ability to trim individual quadrupole 
magnet strengths in the ring, and a new scripting language 
for the accelerator control system. 

In order to make more precise measurements of the 

* Work supported by the U.S. National Science Foundation under 
Award No. DMR-0084402. 

kjacobs@src.wisc.edu 

beam size, position, and rotation, the Optical Profile and 
Position Monitors (OPPMs) were replaced and expanded 
in number with improved versions. The new stations 
provide horizontal and vertical beam size, position, and 
beam rotation information at high data rates (10 Hz). 
Resolution of profile measurements is ~0.1 |xm, with a 
minimum resolvable beam size of -25 jim. These 
monitors have been important for determining beam 
reproducibiUty and stability, in particular with 
maintaining beam stability while scanning undulators, as 
detailed below. 

The 48 quadrupoles in Aladdin are powered in families 
by 9 power supphes. In order to correct for small 
deviations in magnet strengths, shunts were installed on 
all quadrupoles to allow their strengths to be individually 
trimmed. The shunts are capable of reducing the current 
through each quad by 12%, up to a maximum of 25 A. 
Total currents in the quad famiUes range from 60 to 
296 A. 

Finally, a new scripting language (Python [2]) was 
installed and interfaced with the existing accelerator 
control system. Its power and flexibility have facilitated 
both commissioning and routine operation of the low 
emittance lattice. 

LATTICE OPTIMIZATION 
The technique used for determination of the proper 

settings for the ring magnets depended on whether the 
deviation from the model lattice was due to a known 
effect (e.g., quadrupole strength errors), or of unknown 
origin (e.g., imdetermined sources ofx-y coupling.) 

Model Based Correction 
For the situation where the deviation from the ideal 

case was of known origin but unknown magnitude, 
corrections based on the lattice model where made. The 
code LOCO [3] was used to determine the appropriate 
settings for the 48 quadrupole shunts. Shunt currents 
ranged from 0.2 to 9.1% of the overall quadrupole 
current. When the LOCO calculated corrections were 
installed, the expected four-fold symmetry of the lattice 
was restored, and compensations for perturbations to the 
ring (specifically during undulator scanning) could be 
based on the ideal lattice. 

Initial results with LOCO produced significantly better 
results correcting the ring p functions, than correcting the 
horizontal dispersion t^x around the ring. Inclusion of the 
"RFCAVITY" element in the MAD model used by 
LOCO, to guarantee the proper orbit circumference, 
improved the r^ correction. 
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We have also made a differential version of LOCO. 
This takes the measured change in the response matrix 
due to a change in the machine, and compares it to that 
expected based on the model. It is useful for dealing with 
incremental changes to a lattice, particularly when the 
measured lattice is far irom the model. 

Model Independent Correction 
In the case where the source of lattice imperfections 

was not identified, a more general, model independent 
approach was taken [4]. The general concept is to 
measure the sensitivity of a set of parameters to the values 
of a set of input variables. This was used to set the 
desired vertical beam sizes, and minimize beam x-y 
rotations, while maintaining good lifetime. Sizes and 
rotations were measured at the OPPMs as a function of 
the settings of four skew quadrupoles. The optimum 
settings for the skew quads were then determined using 
Tikhonov regularization [5]. This was used to arrive at a 
balance between achieving the desired beam sizes and 
rotations, against the available strengths of the skew 
quads. 

UNDULATOR COMPENSATION 
SRC presently has three undulators in routine operation, 

each with maximum K values of 4.5 to 4.6. As a User 
scans the strength of an undulator, the vertical focusing 
strength of the undulator changes. To compensate for this 
change, eight quadrupoles in the vicinity of the undulator 
are simultaneously adjusted. Skew quadrupoles are also 
adjusted to address any x-y coupling issues. The goal is to 
maintain constant vertical beam size, and beamline 
throughput, to within 2% peak-to-peak outside the region 
of the undulator, over the full undulator scan range. 

The strengths of the quadrupoles used in compensation 
are calculated using MAD [6]. The ideal LF15 lattice is 
used as a starting point. An undulator is then included, 
modeled as a series of dipoles, including the reduced 
strength periods at each end of the undulator. The 
matching capabilities of MAD are used to calculate 
quadrupole strengths for which the lattice functions 
outside the undulator straight section, and phase advance 
through the straight section, equal those without an 
undulator [7]. The quad strengths resulting from this 
calculation are automatically IC^ scaled by the control 
system as the undulator is scanned. Skew quadrupole 
strengths as a function of undulator strength are 
determined empirically by minimizing vertical beam size 
variations over an undulator scan. In addition to quad 
compensation for beam sizes, steering feed forward and 
feedback are used to maintain a constant beam position. 

The effectiveness of this compensation is shown in 
Fig. 1. With the undulator scanned over its full range, up 
to K=A.6, the vertical beam sizes measured at the OPPMs 
had a total variation of <2%. Similar results were 
obtained when measuring the throughput on various 
beamlines over an undulator scan. Variations in P outside 
the region of the undulator were -1%. 
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Figure 1: Variation in vertical beam size as an 
undulator is scanned over its fiill range. The beam 
size was measured by five OPPMs (three are shown), 
and is normalized to the size measured at full 
undulator gap (125 mm). The undulator period is 
70.7 mm. 

Further improvement in compensation can be made 
using LOCO. In particular, using the differential version 
of LOCO to compare the undulator in vs. undulator out 
cases has led to better tune correction by the eight 
compensating quadrupoles. 

ADDITIONAL CONSIDERATIONS 

Lifetime and Stability 

With the decreased horizontal beam size, plus a shorter 
natural bunch length due to the decreased momentum 
compaction of the low emittance lattice, the lifetime in 
LF15 is primarily Touschek scattering dominated. The 
current-lifetime product can be restored to its nominal 
value of 900-1000 mA-hr by lengthening the bunch using 
the fourth harmonic (200 MHz) cavity. This also 
stabilizes the beam by suppressing coupled bimch modes. 
The cavity is run passively. Both the fourth harmonic 
cavity and the voltage on the main RF cavity are 
controlled as a function of beam current by a Python 
script, set up to optimize beam stability. 

The Infrared Beamlines 
The majority of beamlines at SRC average data over 

time scales of seconds to minutes. However, the IR 
beamlines make use of Fourier Transform spectroscopy, 
and is therefore sensitive to beam motions into the 
kilohertz range. Operation in LF15 initially proved 
problematical for the IR line, due to the fact that the 
synchrotron frequency of the lengthened bunch was 
reduced from -10 kHz to ~3 kHz. Also, harmonics of the 
60 Hz line frequency, present in the RF systems, produced 
noise on the beam at frequencies up to several kilohertz. 
This longitudinal noise appeared as source position noise 
at the IR line due to the finite dispersion at the source 
location, and as a current modulation [8]. 

A program of noise reduction was undertaken to 
stabilize the beam for IR operation. To reduce the 60 Hz 
harmonic   noise   several   improvements   were   made, 
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including additional filtering and improved common 
mode noise rejection in both RF systems, a new low noise 
master oscillator, and conversion of the main RF amplifier 
tube filament from AC to DC.  The results are shown in 
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Figure 2: Spectra taken on the IR beamhnes. For each 
plot 32 spectra are averaged, followed by another set of 
32. The ratio of the two sets are shown as a function of 
wave number; a fiat line at 100% would represent no 
noise, a) Before RF system improvements; b) After 
reducing 60 Hz harmonics; c) after implementing 
feedback to reduce coherent synchrotron oscillations. 

Figs. 2a and 2b. After this noise reduction, the dominant 
contribution was due to coherent synchrotron oscillations. 
This was reduced by implementing phase feedback in the 
main RF system. Results are shown in Fig. 2c. 

Higher Energy Operation 
Running of LF15 is presently limited to 800 MeV. 

When scaled to 1 GeV, and taking magnet saturation into 
accoimt, the limits of various magnets, power supplies, 
and cabling are exceeded. However, an intermediate 
solution, referred to as "MF15", has been found, having a 
horizontal emittance of 142 7C nm-rad. This is larger than 
the 800 MeV LF15 emittance E^ scaled to 1 GeV 
(64 71 nm-rad) but smaller than that of the 1 GeV lattice 
presently run (187 Jt nm-rad). MF15 has been tested, and 
showed the expected horizontal emittance reduction. Full 
implementation will require hardware upgrades (cabling), 
and is plarmed for the near future. 

SUMMARY 
We have successftiUy commissioned Aladdin in a low 

emittance configuration at 800 MeV. This is now the 
routine operating mode. In the process, we made use of 
new hardware and software, and lattice optimization 
techniques. Special attention was given to undulator 
compensation, and operation of the infrared beamlines. 
The result is a beam with increased flux density, good 
lifetime and unchanged vertical beam sizes. Future plans 
call for implementing a low emittance lattice at 1 GeV, 
and investigating at 800 MeV emittances lower than that 
of LF15. We also will study operation with smaller 
vertical beam sizes (subject to maintaining adequate 
lifetime), to take full advantage of low emittance. 
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Abstract 
Emittance coupling between vertical and horizontal 

planes at TLS has been investigated. Using a set of skew 
quadrupoles, the coupling can be corrected to an 
acceptable value. The coupling sources are studied and 
possible errors are reduced. 

INTRODUCTION 
The equation of motion of the bunched beam is 

governed by the guiding fields, focusing quadrupole fields, 
nonlinear higher order fields such as the sextupole fields, 
and wake fields. It could be uncoupled or coupled motion 
either in the transverse planes and/or between transverse 
and longitudinal planes. In this study we are interested in 
the investigation of the error sources and the finding of 
the ways to controlling the coupling strength. 

We have studied the error sources of the linear optics of 
the NSRRC 1.5 GeV storage ring TLS (Taiwan Light 
Source) and compared with the measured magnetic field 
data using LOCO code in the de-coupled case.[l] The 
results show that the major gradient field errors are fi-om 
the sextupoles. Off-center orbits at the sextupole positions 
are attributed to be the case of the distortion of the linear 
optics in the NSRRC storage ring. Misplaced sextupole 
magnets might be the major contributions. 

We also studied the coupled case using cross orbit 
response method and the results are useful for the routine 
operations at the NSRRC.[2] We also concluded that the 
major error sources are from the off-center orbit at the 
sextupole locations in the vertical plane. These are in 
good agreement with those using LOCO de-coupled case. 

In this report, we describe the interesting results of the 
consistency between the simulated shifts of the sextupole 
center and the measured mechanical off-sets. 

We also found that the rolls of the steering magnets are 
not negligible and a complete set of the rolls is mapped. 

The MATLAB LOCO version is employed in this study 
of the linear optics in the coupled motion case.[3] The 
results with MATLAB LOCO are compared with the 
cross orbit response analyses. 

THEORY 
The vertical cross orbit response due to a horizontal orbit 
change through the coupling elements and the vertical 
dispersion functions due to the small effective "dipole 
fields" such as the steering magnets, off-center orbits in 

cckuo@srrc.gov.tw 

the quadrupoles, skew quadnipoles and off-center orbits 
in the sextupoles in the dispersion region, are given as 
follows: 

5+C 

>'.(^)=, ■   ^,     fg(s,z)G(z)&, 
^    s 

. 3 + C 

2sm mr ^   J 
y     s 

where 
S(s.z) = pj,(s.)  p^(z) cos(y/,(.s)-y/y{z) + m'y) 

(1) 

(2) 

G(.z) = K^x,+K^x,y„-G^,    K„K._,G^ are the skew 

quadrupole, sextupole strength and vertical dipole error, 
respectively, y^ is the orbit offset with respect to the 
sextupole magnetic center, and 

Let M be a unified response matrix for a set of 
horizontal steering and installed (or vutual) skew 
quadrupoles (8 in total at the NSRRC) and v be the 
measured normalized vertical orbit and dispersion, the 
skew quadrupole array K in the ring can be obtained 
using singular value decomposition (SVD) for a linear 
equation MK = -v such that the betatron coupling and 
vertical dispersion can be minimized simultaneously 
Once K is obtained, we can establish a virtual machine 
and compare it with the real machine in terms of the 
measurable parameters such as normal mode tunes, 
vertical dispersion, coupling ratio, etc. 

On the other hand, MATLAB-LOCO was employed to 
this study. The MATLAB LOCO code links to the 
MATLAB-based AT accelerator modeling code. [4] The 
LOCO algorithm is well described in ref [3, 5, 6]. The 
response matrix, M, is the response of BPM shifts for a 
change of each steering strength, 

y) 
■M meas,mod (3) 

The quadrupole gradient errors are fitted to minimize the 
difference between the model and measured response 
matrices. 

X -E 
(M meas.ij -^modii)^ 

(4) 
i,j 

To calibrate the coupling strength, the off-diagonal 
sub-matrices are included in the fitting. The skew 
gradients, steering gain and tilt, BPM gain and coupling. 
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as well as quad gradients are included in the fit. The 
fitting can also include dispersion functions to minimize 
the vertical emittance and beam size. The fitted skew 
gradients in the above mentioned 8 locations are 
compared with those resulted from the other method. 

EXPERIMENTAL RESULTS 
In ref [2], we have reported some interesting results 

using cross orbit response matrix, for instance, the 
measured coupling strength |Gi,.i,3|=0.0119 and 0.0016 
before and after correction, respectively; the consistency 
of the model and measured normal mode tunes as a 
function of the distance away from the linear coupling 
resonance line; the beam size as a function coupling ratio, 
etc. As examples, we display the normal mode tunes and 
coupling ratio K, before and after correction, as a function 
of the proximity of the resonance line in Fig. 1. 
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Figure 1: Extracted coupling ratio as a function tune 
difference from the resonance point 

And we also show the tum-by-tum BPM data before 
and after coupling correction and corresponding Poincar6 
surface of the section in the resonant processing fl-ame 
derived from (x, x') and (y, y') in Fig. 2 and 3, where 

Q = ^2Jifi^ cos 01,   P = .j2J^sn(pi. 

Q2=216.35 
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Figure 2: Measured tum-by-tum data after a horizontal 
kick and the corresponding tune spectra near the coupling 
resonance before and after corrections. 
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Figure 3: Poincare surface of the section in the resonant 
processing frame derived from (x, x') and (y, y'), where 
Q = ^]2Jifi^ cos 01, p = ^2J^p^ sin (p^. The overall 
coupling phase is 15° and 90° to have the upright cross 
section before and after correction, respectively. 

To verify our previous conclusion that the coupling 
errors mainly stem from the off-center sextuples, we 
changed the sextupole strength and the corresponding 
fitted off-sets are examined. It is found that the fitted 
off-sets are similar as shown in Fig. 4. Two data sets 
obtained for six-month separation reveal that there are 
substantial changes in some sextupoles in the vertical 
plane. It is found that six sextupoles were adjusted by the 
Survey and Alignment Group with the movable girders in 
the vertical plane. Figure 5 is a comparison between fitted 
movement and measured mechanical shifts in these six 
sextupoles and the larger error bars in survey data is due 
to errors in the optical survey method, in which the 
resolution is about 0.1mm. Moreover, we changed one 
sextupole position in the vertical plan with high resolution 
mechanical readings and fitted data are also close to the 
measured movements as depicted in Fig. 6. It is shown 
that the couphng strength could be reduced by shifting the 
sextupole heights. 
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Figure 4: Fitted sextupole vertical position changes at 
different sextupole setting. Data taken on different date 
are compared. 
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Figure 5: Girder movement data and fitted sextupole 
vertical position changes. The survey data is with 
resolution of 0.05 mm. 
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Figure 6: A comparison between the girder movement in 
one sextupole and coupling fitted data. 

By employing the MATLAB-LOCO code, we can obtain 
not only gains and couplings (tilts) of the steering 
magnets and BPMs but also the quadrupole and skew 
quad strengths so that the linear optics can be adjusted to 
restore the model optics, and the linear coupling as well as 
dispersions can be corrected. Figure 7 shows the gains 
and tilts of the horizontal and vertical steering magnets 
from LOCO and using cross orbit response method. The 
skew quad strengths are also shown, both from the cross 
orbit response analysis and LOCO code, in Fig 8. Both 
results are in good agreement with each other. 
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Figure 7: A comparison between the LOCO and cross 
orbit response analyses results for the gain and tilt of the 
steering magnets. 
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Figure 8: A companson between the LOCO and cross 
orbit response analyses results for the correction skew 
quad strengths. 

CONCLUSION 
Using cross orbit response method and SVD correction 

algorithm as well as MATLAB-LOCO, we can 
characterize the betatron coupling behavior and conduct 
corrections using a set of independent skew quadrupoles 
in the L5 GeV storage ring at the NSRRC. As a result, 
both coupling strength and vertical dispersion can be well 
corrected. A virtual machine can be established and it is 
found that the vertical alignment errors of the sextupoles 
are the major coupling error sources. 
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STUDIES OF BEAM LIFETIME AT ANKA 

E.Huttel, LBirkel, A.-S.Miiller, F.Perez, M.Pont, 
Institute for Synchrotron Radiation - ANKA 

Forschxmgszentrum Karlsruhe, P.O. Box 3640, D-76021 Karlsruhe, Germany 

Abstract 
Beam lifetime studies have been performed at the 

2.5 GeV electron storage ring ANKA. Measurements 
under different condition allow to differentiate between 
Touschek, elastic and inelastic beam lifetimes. The 
measurements are compared with theoretical predictions. 

INTRODUCTION 
ANKA is a Synchrotron Radiation faciUty with a 

nominal energy of 2.5 GeV, a horizontal emittance of 
90 nmrad and currents up to 200 mA. The desired user 
mode is one injection per day. Thus long lifetimes are 
important. Presently typical lifetimes are larger than 30 h 
for a current of 100 mA. 

The beam lifetime is determined by scattering of the 
electrons at the nucleus and the shell of the atoms of the 
residual gas (gas lifetime) and the scattering of electrons 
within a bunch (Touschek lifetime). For low RF voltages 
also the quantum lifetime becomes important. 

THEORETICAL FORMULAE 
The lifetime of the electrons in an storage ring is 

determmed by the inelastic (i) and the elastic scattering 
(e) at the nuclei (N) and at the electrons (e) of the residual 
gas, and the Touschek scattering (TT). The expressions for 
the different contributions are given by [l]: 

[1] 

[2] 

[3] 

[4] 

[5] 

[6] 

f 
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with, D ~ ^(-ln(l.78 ^ -1.5)) and $• = 1^1 V P. 

The symbols used in the above formulae and their typical 
values are given in Table 1. 

Table 1: Symbols used in this text and their typical values 
Y Lorentz factor 4892 for 2.5 GeV 
re Classical electron radius 2.8 10"" m 
c Velocity of light 3 10*m/s 
Z atomic number of residual gas 7 
no Residual gas density 2.47 10^" for 1 Pa 
n Residual gas (CO), atoms per 

molecule 
2 

He electrons per bunch 5 10' 
Ap/p Energy acceptance 0.01 
as Vertical half aperture 8mm 
Ps Beta function at aperture 9.5 m 
Ox Rms horizontal beam size, avg 0.67 mm 
Oy Rms vertical beam size, avg 0.12 mm 
CTz Rms bimch length 12 mm 

For the residual gas a Z=7 is assumed, which is in 
accordance with a real gas composition made of H2 (not 
contributing, due to the low Z) and CO as measured with 
a mass spectrometer in the storage ring. 

The contribution from the elastic scattering with the 
electrons of the residual gas is negligible and will not be 
considered any further. 

MEASUREMENTS AND RESULTS 

Lifetime versus current 
Both the gas lifetime and Touschek lifetime depend on 

the current. The Synchrotron Radiation induces gas 
desorption which is proportional to the current and the 
Touschek lifetime depends linearly on the bunch current. 
Fig. 1 shows this dependence as a function of total current 
for 1.7 and for 2.7 % betatron coupling between the 
horizontal and the vertical plane. 

ANKA is run most of the time with a 2.7 % coupling in 
order to increase the lifetime. 

The measurements were performed with a total RF 
voltage of 1360 kV. The beam current was distributed in 
25 bunches. Extrapolating the measurements to zero 
current, where the Touschek contribution should be 
negligible, the data indicates a limit to the lifetime of 42 h 
due to gas Ufetime. This lifetime is now shorter than 
before the vacuum chamber was contaminated with Kr 
[2]. 
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Figure 1: Inverse lifetime as a function of current for 
1.7 % (square) and 2.7 % (circles) coupling. 

Longitudinal quantum lifetime 

If the RF Voltage is reduced to a level below 1000 kV 
the quantum lifetime becomes dominant. This is shown in 
Fig.2. 

where C is a constant that depends on residual gas 
pressure, beam energy and betatron functions. 

The measured data have been fitted to equation 8 
assuming an additional scraper independent contribution 
from Bremstrahlung and Touschek scattering. 
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Figure 3: Lifetime as a function of the scraper position 

values    for   the 

1100 

Figure 2: Lifetime as a function of the RF Voltage, 
squares correspond to measured data, line is the 
calculated quantum lifetime at low voltage points 

The drop of the lifetime is very sharp and depends on 
the exact energy, RF voltage and momentum compaction 
factor. Since the exact energy and momentum compaction 
factor were determined using resonant depolarisation [3], 
a calibration factor for the RF voltage could be 
determined to be 0.93. 

Elastic gas scattering lifetime 
Measurements of lifetime as a function of the position 

of a vertical scraper can be used to determine the elastic 
component of the gas lifetime. At ANKA a scraper is 
positioned at the end of a long straight section. It has two 
blades, which can be operated from top and bottom 
independently. The present measurements were done at 
2.5 GeV for beam currents of 50 and 90 mA. The 
measurements when moving the top blade for a current of 
50 mA are shown in Figure 3. 

It turned out that the bottom blade could be moved 
further in than the top one for the same effect on the 
beam. This is due to an offset of the center of the scraper 
compared to the center of the electron beam. 

Equation 2 for the Coulomb scatering can be written as: 

The   fit   gave   the   following 
measurements with 50 mA, 

T^[h]=l.5a^ fora<6mm 

'^others = 32 /i 

The 6 mm limit is smaller than the half aperUire of 8 
mm in the wiggler vacuum chamber, which is assumed to 
be the limiting aperture. In addition, the fit gave a +/-0.6 
mm offset for the top and the bottom blade respectively. 
Theoretical predictions indicate a pressure of 1.4x10"' 
mbar (CO) to obtain the factor 1.5. The average pressure 
measured at the gauges was 1.2x10"' mbar (for 90% Hz 
+10 % CO). 

Measurements were also performed at injection, i.e. 
0.5 GeV. The measured data were also fitted to equation 8 
with the following results from the fitting: 

z-f [h] = 0.2 a^ for a < 6.5 mm 

'^others = ^ A 

Once again the 6.5 mm limit, which is in good 
agreement with the results at 2.5 GeV is smaller than the 
expected limiting aperture. The factor 0.2 agrees with the 
theoretical calculation when using a pressure of 4.10'"' 
mbar, in good agreement with the measured one. 

Touschek lifetime 
In order to determine the Touschek contribution the 

lifetime has been measured as a fiinction of bunch cunent 
for different RF voltages and tune settings. To this 
purpose 150 mA have been distributed over 25, 50, 75 
and 100 bunches. Since the total current is the same for 
all the measurements the gas pressure and thus the gas 
lifetime should be the same. Its contribution to the 
lifetime has been considered constant and has been 
determined by a linear extrapolation to zero bunch 
current. The measurements were performed at 2.5 GeV 
and care was taken to ensure that the beam was 
longitudinally stable. 
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The Touschek lifetime is expected to be inversely 
proportional to the bunch current, 
111 1 
- = — + = Cj-Js  +  [9] 
^      ^r        ''■others '^others 

Figure 4 shows the measured inverse hfetime as a 
function of the bunch current, for an RF voltage of 
1360 kV and for two different couplings. 
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Figure 4: Inverse lifetime as a function of the bunch 
current, for 1.7 % (squares), 2.7 % (circles) coupling 

From Figure 4 the fitted Touschek is 60 h for 1.7 % 
coupling and almost 200 h. for the 2.7 % coupling for a 
current of 2 mA/bunch. 

The increased coupling increases the vertical beam 
size by a factor 1.5 as observed on the synchrotron light 
monitor. If only the different beam size was responsible 
for the difference in Touscheck lifetime observed, then 
we would expect that the results for the 2.7 % coupling 
were a factor 1.5 larger than the results for the 1.7 % 
coupling situation. The Touscheck lifetime increases but 
by a factor 3. 

Values of CT(VRF) and Tothers were determined by 
fitting equation 9 to measurements at different RF 

voltages. The value of Tothers have been assumed to be 
independent of the RF voltage, since the inelastic gas 
scattering shows only a weak dependence on it. Touschek 
lifetimes calculated from the fit for a current of 
2mA/bunch as a function of the RF Voltage together with 
the theoretical predictions are given in Figure 5. 

0.007        0.009       0.011        0.013       0.015 
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Figure 5: Touschek lifetime as a function of the RF 
energy acceptance for 2 mM)unch and 1.7 % coupling 

The differences point to an energy acceptance not limited 
by the RF voltage but by the dynamic aperture of the 
storage ring. Further studies are in progress in order to 
understand these results. 

Lifetime versus Dose 
The gas lifetime of the electron beam in a storage ring 

increases with the accumulated dose by which the 
vacuum system is cleaned. The increase of the lifetime for 
ANKA is shown in Figure 6. 
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Figure 6: Lifetime times current as a function of the 
accumulated dose 

SUMMARY 
Beam lifetimes at the ANKA electron storage ring have 
been measured and the different components have been 
identified. Table 2 lists the different contributions for a 
50 mA current [2 mA/bunch] with a RF energy 
acceptance of 1 % and a coupling of 1.7 %. 

Table 2: The different contributions to the lifetime for a 
50 mA current [2 mA/bunch] and a RF energy acceptance 
ofl% 

Lifetime Measured fh] Theory fh] 
Elastic 54 62 
Inelastic 68 40 
Touschek 60 103 
Total 20 20 
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REFINED TRACKING PROCEDURE FOR THE SOLEIL 
ENERGY ACCEPTANCE CALCULATION 

M. Belgroune, P. Brunelle, A. Nadji, and L. Nadolski, Synchrotron SOLEIL, L'Orme des Merisiers 
Bat. A, Saint-Aubin BP 48 - 91192 Gif-sur-Yvette cedex (FRANCE) 

Abstract 
In third generation light sources like SOLEIL, the 

inevitable strong sextupoles lead to significant non- 
linearities affecting the transverse beam dynamics. We 
already emphasized the large contribution of transverse 
and longitudinal non-linearities to the SOLEIL energy 
acceptance: energy dependence of Twiss parameters, non- 
linear off-momentum closed orbit and non-linear 
synchrotron motion. In order to face other effects as non- 
linear betatron motion, synchrotron oscillation, coupling, 
and diffusion processes, a refined tracking was performed 
using a 6D tracking code. This work confirms the strong 
effect of the non-linear synchrotron motion and suggests 
to choose the working point so as to avoid any crossing of 
the linear coupling resonance for off-momentum particles. 
The use of the Frequency Map Analysis (FMA) helps to 
understand the different kinds of particle losses. 

1 INTRODUCTION 
To account for the higher order effects in energy 
deviation (5), a module for automatic calculation of 
energy acceptance (Sacc) and Touschek beam lifetime (TT) 
had been introduced earlier in the BETA code [1]. We 
showed that when particles are Touschek scattered with 
large 5 in dispersive sections, the non-linear chromatic 
closed orbit as well as the variation of the optics with 
energy have to be taken into account. This algorithm is 
very helpful during a design phase because Sacc variation 
along the storage ring is obtained within 2 minutes, which 
allows us to test a large number of cases. 
Nonetheless, in order to approach a more realistic 
modellmg, we have to face other effects such as: 
- non-linear betatron motion, i.e. deviation from phase 
space ellipses (non-linearity is worst mside the achromat), 
- non-linear synchrotron motion, i.e. effects of higher 
order chromaticities and momentum compaction factor 
(already partly implemented in BETA [2]), 
- coupling fi-om horizontal to vertical plane (small vertical 
gaps limitations), 
- synchrotron radiation: behaviour of the particles during 
the damping process (diffiision, resonance crossing). 
The best way to take into account all these effects is to 
perform a 6D tracking, i.e. with synchrotron oscillation 
and radiation tumed on. 8acc calculation problem is then 
reduced to the very simple question: is the particle with 
starting coordinates (0, 0, 0, 0, ±5, 0) stable or not after a 
sufficient number of turns? 
We present here the results of our calculations, using the 
6D tracking code TRACYH [3]. In order to better 
understand these results and to know how the particles get 
lost we used the FMA [4] which has the advantage of 
providing a good understanding of the inner complex 

structure of the dynamic aperture. The results are 
presented so as to highlight two important effects: a full 
betatron coupling which can be reached for given 5 and 
the effect of non-linear synchrotron motion. 

2 TOUSCHEK TRACKING 
The particle energy is changed from -6% to +6% (RF 
energy acceptance) by steps of 0.1%. For each 8, particles 
are tracked over 500 turns. The calculations take into 
account the vacuum chamber limitation and particularly a 
limiting 5mm vertical aperture in the short straight 
section. By including some quadrupole rotation errors we 
generate some coupling in order to check whether the lost 
occurs in the horizontal (x) or the vertical (z) plane. The 
synchrotron oscillation period is roughly 140 turns and 
the damping times are 5600 and 2800 turns respectively 
in the transverse and longitudinal planes. This means that 
an integration over 500 turns will be mainly relevant for 
studying the variation of the working point with energy in 
the tune space (resonance crossing). 
Two working points have been studied : 
- Optics 1:     Vx= 18.30 V2= 10.27 

• can reach 3vx = 55 at large amplitude 
• close to Vx- v^ = 8 (Av = 0.03) 
• tunes crossing at given 5 (Figure 1) 

- Optics 2:     Vx = 18.20 v^ = 10.30 
• far fi-om third order resonances 
• far from Vx- v^ = 8 (Av = 0.1) 
• no tunes crossing (Figure 1) 

/ 

Tunes crossing 

ophica '       f       ■       '       ■ 

~^—-^              v^ 
\^^ 

'~--   __.--- """^^ ^^ 
'^"~"~ -—^ ,^-'"''^ 

■           V, 
.   -. '" :              : 

- - \             : 

.    ■    .   J   _.    .,          1 
1                   ; 

.0*                         ,0a:                       a o-o*                   o. 

Figure 1: Zero amplitude tune shifts with energy. 
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3 IMPACT OF TUNES CROSSING AT 
GIVEN ENERGY DEVIATION 

A 4D tracking taking into account coupling errors and 
including the vacuum chamber dimensions has been 
performed for the two optics in order to test the influence 
of tunes crossing (full coupling) at given 8. Figures 2 and 
3 show Eacc along one super-period of SOLEIL 
respectively for the optics 1 and 2. We define the local 
energy acceptance Sacc (s) as the maximum momentum 
deviation that keeps the particle having zero initial 
amplitude stable. 
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Figure 3 : Local energy acceptance for Optics 2. 

For optics 1, the negative Eacc is very low at certain 
locations of the lattice and the positive one, except in the 
bending magnet, reach an upper limit of about +3.5%. 
Most of the particles are lost in the vertical plane. An 
illustration of this kind of loss process is given in figure 4. 
This is possible when some particles cross a region in 
tune space where their motion is resonantly excited to 
large vertical amplitudes. We have seen in figure 1 that at 
5=+3.5% the particles cross the linear coupling resonance. 
This might be a contribution to the particle diffusion in 
the vertical plane. The situation for optics 2 is different. 
Negative Eacc is between -4.2% (particles are lost in the 
horizontal plane essentially in the achromat and short 
sections where the horizontal dispersion is the highest) 
and -6% (RF limit). 

Figure 4 : Highly diffusive vertical motion. 

The lowest value in the positive side is constant and equal 
to 4.5%. This clear-cut is the signature of non-linear 
resonances. 

The FMA has been used in order to investigate the 
dynamics of the two optics. We combined the particle 
tracking code DESPOT [5] with the FMA. Particles are 
tracked with different initial conditions over 1026 turns. If 
the particle survives then the tunes and diffusion rate [6] 
are calculated. Coupling errors and vacuum chamber 
limitation (half horizontal aperture of 25mm (septum 
position) and half vertical aperture of 7mm) are 
considered but not synchrotron radiation and damping. 
The optics I presents much information. The dynamics is 
dominated by the coupling resonance Vx-Vz= 8. Figures 5 
and 6 exhibit frequency maps and dynamic apertures 
(given in reference to the centre of the machine and 
calculated in the long straight section where Px=10m and 
Pz = 8m) respectively for particles having +4% and +5% 
energy deviation. The very dangerous node formed by 3"' 
order unallowed resonances (3v„ = 55, Vx+2vz = 39, 3v2 = 
31) and the coupling resonance splits the stability domain 
and creates empty areas. At 4% the dynamic aperture is 
particularly affected. This agrees with the result of figure 1 
where the crossing point is not far from +4%. 

"     v«<-2v, = 39 
^,^^-^^^                          3v, = 31 

1,--^—viT-v, = 8 

3v, 55 

Figiu-e 5 : Optics 1 : Frequency map and dynamic aperture 
(for 5 = +4%). 
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5v^ 92 

Figure 6 : Optics 1 : Frequency map and dynamic aperture 
for 8 = +5%. 

The optics 2 which has been optimized in order to avoid 
the off-momentum tunes crossing does not present similar 
problems. As a comparison, figures 7 and 8 show the 
results for +4% and +5% energy deviations. 

Figure 7 : Optics2 : Frequency map and dynamic aperture 
for 5 =+4%. 

Figure 8 : Optics2 : Frequency map and dynamic aperture 
for 5 =+5%. 

4 IMPACT OF NON-LINEAR 
SYNCHROTRON MOTION 

A 6D tracking has been performed using TRACYII. As 
already shovra [2], due to the high value of the second 
order momentum compaction factor, the RF-bucket is 
asymmetric in energy. For optics 2, a particle with a 
positive 5 of 4.5% (stable during a 4D tracking, see figure 
3) for example can be lost because the corresponding 
energy deviation after one half synchrotron period is -8%, 
which leads to loss. 
Figure 9 shows the results for the s^^ in the case of 
optics 2. When comparing with the 4D tracking, one can 
note that the negative side is almost unchanged while the 
positive side has been shifted down to 4% even in the 
bending magnets where Sacc was of 6%. Using this full 6D 
tracking, including the vacuum chamber with vertical 
apertures of 10mm in medium straight sections and 5 mm 
in short straight sections, the calculated Touschek beam 
lifetime is about 36h at 2.75GeV, using the natural bunch 
length of I2ps (500mA in 416bunches) and a 1% 
coupling. The corresponding value using a 4D tracking 
(non-linear synchrotron motion not taken into account) 
was 55h for the same conditions. 

A V. 

Jlinlll.-*._iiyLJlH't WLjyL_JWirJj(. 

f   \ /" 1 r 
JHl U) 

Figure 9 : 6D tracking local energy acceptance 
for Optics 2. 

5 CONCLUSION 
The use of the Frequency Map Analysis has shown that it 
is important to avoid a crossing between tunes inside the 
energy deviations range of interest. The strong effect of 
the non-linear synchrotron motion has also been shown. 
The 6D computation of the Touschek beam lifetime 
becomes then a reliable criteria to tolerance magnetic 
errors, vacuum chamber dimensions and septum position. 
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Fig.l: the  14 mm test undulator (one half of the 
undulator) .Shown is the side close to the beam. 

FIELD ERROR COMPENSATION AND THERMAL BEAM LOAD IN A 
SUPERCONDUCTIVE UNDULATOR 

S. Chouhan, R. Rossmanith, S. Strohmer, Institute for Synchrotron Radiation, Research Center 
Karlsruhe, Germany 

D. Doelling, A. Geisler, A. Hobl, S. Kubsky, ACCEL Instruments, Bergisch Gladbach, Germany 

Abstract 
During the last few years prototypes of superconductive 

undulators have been built and tested [1,2]. Measurements 
of the magnetic field showed that both the first and the 
second field integral are, as expected, not fully 
compensated and that a small but not negligible phase 
error exists. In order to compensate for these errors, 
electric shimming techniques are applied. Integral 
shimming is already part of the two 14 mm undulators 
under construction. The electric phase- shimming is still 
imder investigation. At the end of this paper the thermal 
beam load for a small-gap superconductive undulator is 
estimated defining the layout of the cooling system. 

STATUS OF THE SUPERCONDUCTIVE 
UNDULATOR PRODUCTION 

After early attempts [3,4] to build a superconductive 
undulator in Stanford and Brookhaven, ANKA and 
ACCEL together developed a new concept described in 
[5]. Four superconductive undulators based on these new 
concept have been built or are in the process of being 
built: a 3.8 rrmi period length, 100 period long undulator 
has been tested with beam, a 14 mm ten period long 
undulator prototype has been built and the magnet field 
was measured. The construction of a 14 mm period 
length, 50 period undulator to be installed at the 
University of Singapore/ Singapore Synchrotron Light 
Source has just been completed and is now waiting to be 
tested. A 14 mm/ 100 period long undulator equipped 
with a cryostat suitable for operation in a storage ring 
with a minimum gap of 5 mm is under construction. 

The field data of the 10 period undulator were analysed 
in detail [2] and the following arguments are based on 
these findings. 

CORRECTION OF THE FIRST AND 
SECOND FIELD INTEGRAL WITH 

SUPERCONDUCTING CORRECTION 
COILS 

The 10 period superconductive undulator as seen from 
the beam is shown in fig. 1. The field measurements are 
discussed in detail in [2]. 

The calculated beam trajectory from these data is 
shown in fig. 2. In order to compensate the trajectory, 
superconductive coils parallel to the beam are installed as 
shown in fig. 3 (green wires). 

Fig. 2 Calculated trajectory (A) without the 
correction coils shown in fig. 3, (B) corrected trajectory 
with the superconductive coils shown in fig. 3. 

ELECTRIC PHASE SHIMMING 
As in the case of a permanent magnet undulator, there 

may be need for phase shimming. The measured phase 
error of the undulator (fig. 1) is shown in fig. 4. 

The proposed shimming is done with superconductive 
wires. The arrangement of the phase shimming wires is 
shown schematically in fig. 5. The shimming wires are 
thin wires parallel to the existing wires. The wires can be 
powered separately. 

The changes in the field are shown in the lower part of 
fig. 5. Using this wire arrangement, the   field is only 

0-7803-7738-9/03/517.00 © 2003 IEEE 
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affected in one half period. The form of the field change 
is similar to the form of field change at phase shimming 
with permanent magnet undulators. 

beam-40 

Fig. 3 Model of the superconductive undulator with the 
iron and the superconductive wires. The additional 
correction coils are parallel to the beam. 

Fig. 4 Measured phase error of the undulator prototype 
shovra in fig. 1 

Shim coils 

Relative 
field 
change 

Fig. 5 Principal idea of local phase shimming 

RESISTIVE WALL HEATING BY THE 
BEAM 

The indirectly cooled superconductive undulator is 
heated by the beam (resistive wall effects). In the 
following the magnitude of this effect is estimated. 

The parasitic heating of a surface by unit length P/L 
caused by the beam is [6]: 

PIL = 
r.2   » 

M./o.X z 
\s\co)R„^„i6))dc»        (1) 

where I^ is the average current, M are the number of 

bunches, f^ is the revolution frequency, L is the 

circumference of the accelerator, i?^^„ is the wall 

resistance and S is the bunch spectrum: 

c    1 o = —exp 
c 

ay 
2c' (2) 

Integrating equation (1) and using the relation 

L 
^wall ~ 

2m- 
(O^oP 

(3) 

where //^ = 4;rl0"'' Vs/Am, r is the shortest distance 

between beam and surface and p is the resistivity of the 
surface material in Ohm.m. Combining these formulas 
yields 

P/L = 1.225- 
1 ^c^ 

4n: r V^W '   2    M.L 
(4) 

In equation (4) for a given geometry the only unknown 
parameter is /?. At low temperatures p for a given 
material depends on various parameters: 

a.) The temperature. In the following it is assumed 
that the surface is copper. The values of p 

depend on the quality of the material [7]. Copper 
used for coating has a resistivity of 1.7.10"' 
Ohm.m at room temperature and a resistivity of 
2.8.10"'" Ohm.m. The resistivity at low 
temperatures is reduced by a factor called RRR 
(Residual Resistance Ratio) and this factor is 
close to 61. This high RRR factor is one of the 
advantages when operating magnets with a cold 
bore. The heat load is reduced dramatically, but at 
the same time the transport of heat at low 
temperatures also becomes very limited. 
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b.) The magnetic field. The resistivity depends on the 
magnetic field. This dependency is described by 
theKohlerlaw[8]: 

piB,T)= (5) 
= p{B = 0,r)(l + l00-0S5Mm.RRR)-2.69>l 

c.) The anomalous resistivity effect. Equation (3) is 
not strictly valid for higher frequencies [9]. The 
deviations vary with the structure of the surface 
and are difficult to predict using theoretical 
methods. Measurements are necessary to evaluate 
the magnitude of this effect. 

In the following the magnitude of the effects are 
estunated for ANKA. Starting point is a p of 2.8. 10""' 
Ohm.m according to a.). This value has to be corrected 
for the magnetic field, according to b.). The maximum 
assumed undulator absolute field (ANKA-undulator: 1.5 
T at a gap of 5 mm) has to be averaged over a fall period. 
The averaged field is only about 60 % of the maximum 
field. This leads to a final p of 3.5 10"'" Ohm.m for a 
maximum field of 1.5 T. 

Based on these assumptions the deposited power for the 
ANKA undulator according to equation (1) is about 200 
mW/m for a gap of 5 mm, a beam current of 200 mA and 
a bunchlength of 1 cm. 

It has to be noted that a reduction in bunch length limits 
the use of superconductive undulators. A bunch length 
reduction by a factor of 3 brings the heat load for an 
ANKA-type undulator above 1 W (assuming otherwise 
unchanged parameters). This would require a different 
cooling system and could mean that the idea of using only 
cryo-coolers is no longer acceptable. 

The anomalous effect c.) is not well documented but, 
extrapolating from measurements, the heat load might 
increase by up to 20% depending on the type of surface 
treatment. As a result the copper-coated shield must be 
carefiilly prepared in order to minimise the unwanted heat 
load. 

Summarizing this chapter, the superconductive 
undulator is almost ideal for low gap operation as long as 
the bunch lengths are not excessively short at average 
currents of about 200 mA. The high electrical 
conductivity at low temperatures prevents the build-up of 
excessive heat load. Also excessive pumping for the small 
gaps is not necessary since the gap temperature is close to 
4K. 

THE PROPOSED MEASUREMENT OF 
THE HEAT-LOAD AT ANKA 

In order to obtain experimental data on the heat load, it 
is intended to conduct a beam test at ANKA . The test 
equipment is shown schematically in fig. 6. 
The superconductive undulator (red blocks in the center 
of the drawing) will be installed in one of the four 
straight sections of ANKA. The period length is 14 mm. 

the undulator is 100 periods long. The undulator will be 
equipped with corrections for compensating the first and 
the second integral (see fig. 3) but not with phase 
shunming coils. 

The vessel surrounded by the undulator is cooled to 4 
K by cryo-coolers schematically shown in the center of 
the cryostat. The outer vessel is cooled to 60 K. 

The gap of the imdulator can be varied in steps. At 
injection at 500 MeV and during ramping, the undulator 
gap is fully opened to 25 mm. In this position the 
undulator cannot be powered. The gaps at which it can be 
powered are 5mm, 8 mm, 12 mm and 16 mm. 

In order to protect the undulator, a scraper in front of the 
undulator is opened and closed to the same gap width as 
the undulator. A horizontal scraper pair, not shown in this 
diagram, protects the undulator from synchrotron 
radiation. 

The flanges of the undulator are equipped with valves 
makmg it possible to remove the undulator from the 
beamline and replace it by a normal beampipe even when 
the undulator coils are still cold. The measurement of the 
temperature of the cryocooler system makes it possible to 
measure the beam-induced heat. 

The beam pipe vacuum is separated from the insulation 
vacuum. This parts in the storage ring vacuum have only 
metalic surfaces. 

Fig. 6 The planned test at ANKA 
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Abstract 
The Saga third-generation synchrotron light source 

(Saga-LS) is being constructed and is operated before the 
fall of 2004 in Tosu, Saga Prefecture in the northern part 
of Kyushu-island. The Saga SLS consists of a 262-MeV 
electron linac injector and an eight-hold symmetry 1.4- 
GeV storage ring with eight double-bend (DB) cell and 
eight 2.93-m long straight sections. The DB cell structure 
with a distributed dispersion system was chosen to 
produce a compact design. The circumference is 75.6 m 
and the emittance is 15 nm-rad at 1.4 GeV. Six insertion 
devices including a 7.5-T wiggler can be installed. The 
critical energies of synchrotron light from the bending 
magnet and the 7.5-T wiggler are 1.9 keV and 9.8 keV, 
respectively. The 262-MeV linac beam is used for 
injection and a 40-MeV linac beam branched off from the 
first accelerator tube (AT-1) is used for two-color infrared 
(IR) free electron laser (PEL) generation. We are planning 
to supply high brilliant photon beams covering 
wavelength range from 34 keV to 0.063 eV by using the 
Saga 1.4-GeV storage ring with six insertion devices 
including the 7.5-T wiggler and the IR- PEL facility. 

1 INTRODUCTION 
The Saga-LS consists of the 262-MeV linac injector 

and the 1.4-GeV storage ring with eight DB cells and 
eight 2.93-m long straight sections. The DB cell structure 
with a distributed dispersion system was chosen to 
produce a compact design. The circumference is 75.6 m 
and the emittance is 15 nm-rad at 1.4 GeV. Six insertion 
devices including a 7.5-T wiggler can be installed. The 
262-MeV linac beam is used for injection and a 40-MeV 
beam from the AT-1 is used for two-color IR-FEL 
generation. The Saga-LS project is operated by the Saga 
Prefectural Government. 

The building has been constructed in fall of 2002 in 
Tosu, Saga Prefecture. Tosu is 25 km north-east of Saga 
and 25 km south of Fukuoka. The ring magnets, vacuum 
chambers made of aluminum alloy except for the long 
straight sections and four tempearature controlled cooling 
water systems for the linac accelerator tubes, the ring 
cavity, klystrons, magnets and wave guides are already 
ordered in 2002 and the other parts are ordered in 2003. 
The installation of the Saga SLS starts in fall of 2003. The 
commissioning will start in October 2004. 

♦Corresponding author, e-mail: tomimasu@saga-Is.jp, tel: 81-942-83-5017, fax: 81-942-83-5196 

2 THE SAGA 1.4-GEV STORAGE RING 
The layout of the Saga 1.4-GeV storage ring, the 262- 

MeV linac injector and the two-color IR-FEL facility [1] 
is shown in Figure 1. The C-shaped dipoles, symmetric 
closed yoke type quadrupoles and sextupoles are used. 
The symmefric closed yoke consists of an upper and a 
lower half bolted vertically with each other for setting 
their vacuum chambers. The C-shaped dipole cores are 
fabricated from A94068-100 steel laminations 1.0mm 
thick. The magnet cores of quadrupoles and sextupoles 
are from A94068-50 steel laminations 0.5mm thick. The 
laminations are compressed and glued with a packing 
factor no less than 97 %. The main coils are made of 
water-cooled hollow copper conductor insulated with 
fiberglass and vacuum impregnated with epoxy. Trim 
coils and power supplies for a 1-2% field adjustment are 
prepared for the dipoles and quadrupoles. Steering coils 
are built in sextupole magnets. The magnet control system 
is discussed elsewhere [2]. For magnet support and 
precise alignment, the spherical rod end bearings are 
used. 

The lattice has been designed by relaxing the consfraint 
of zero-dispersion in the long straight section as MAX-II 
[3]. For various dispersions, the rms elecfron beam sizes 
are calculated from the electron beam emittance E^, the 
horizontal and vertical beta functions, (p^ and Py) and the 
relative momentum spread Ap/p, assuming 1 % coupling 
ratio in the vertical direction. The horizontal beam size is 
minimized for a dispersion ri^ = (e^Px)"^/(Ap/p). The 
minimum value is close to 2 "^ rj,; (Ap/p). The beam 
emittance is also minimized by distributing dispersion. 
Figure 2 shows the circumference of medium-scale 
storage rings and their emittances at a 1.4-GeV operation 
energy. The solid line shows the present lowest emittance 
of available medium-scale storage rings. It well demon- 
sfrates that the Saga storage ring is of compact and 
lowest-emittance type. Table 1 shows main parameters 
of the Saga ring magnets and stored beam. 

Eight 2.93-m long straight sections are used for sue 
insertion devices (IDs), a septum magnet, four kickers, 
various type beam monitors and an RF cavity. The 
available lengths for IDs are 2.5 m x 5 and 1.6 m x 1. In 
total, twenty beam ports are constructed and more than 
twenty beam lines can be installed. All vacuum chambers 
are made of aluminium alloy except for eight long sttaight 

0-7803-7738-9/03/$17.00 © 2003 IEEE 902 
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Figure 1: Layout of the 1.4-GeV Saga storage ring, the 
262-MeV linac injector and the two-color IR-FEL 
facility. 

sections. The chamber at the quadrupoles and sextupoles 
is 100 mm wide and 40 mm high because the damping 
time is of the order of 1 second due to the 262-MeV 
injection. The calculated dynamic aperture [4] for a stored 
beam is the same as the physical aperture of the vacuum 
chamber. 

A 500-MHz RF damped cavity with SiC beam-duct [5] 
is used for stable storage of high-current beam and the 
expected RF voltage is 500 kV for a 90-kW RF power. 

At the present, we are planning to install a 7.5-T 
superconducting wiggler, two permanent magnet 
undulators, and five beam lines for soft X-ray scarming 
and X-ray imaging microscopes [6], for XAFS [7] and 
crystallography. 

The wiggler is to shift the synchrotron radiation 
spectrum to the hard X-ray region (8c = 9.8 keV) and a 
permanent magnet undulator Q^ = 5 cm, K=1.2, N=49, 
photon energy 200 eV) provides high intensity photons of 
4.8 X 10'^ [photons/s • (O.lmrad)"^ • (l%bw)"^], since 
the rms irradiation angle of the undurator photons is 0.052 
mrad. 

The wiggler is three-pole planar type like the 5-T 
wiggler of Electrotechnical Laboratory TERAS Ring [8] 
and the 7-T wiggler of the Louisiana State University, 
Center of for Advanced Micro-structure and Devices [9]. 
Betatron-tune shift induced by the 7.5-T wiggler can be 
corrected by reducing the exciting current apphed to QFl- 
QDl doublets installed on each side of the wiggler to 
95~85 %, at most, of the exciting current applied to the 
other QFl-QDl doublets. The insertion effect of the 7.5-T 
wiggler for the beam parameters is also shown in Table 1 
as key parenthesis. 

Figure 3 shows the magnetic lattice of one full cell. The 
separation between the bending magnets is 1300 mm. 
Small magnets installed at the down stream of QF2 
magnets are for steering. Vacuum chambers are also 
shown in Fig.3. Total pumping speeds of sputter ion 
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Figure 2: Circumferences of medium-scale storage 
rings and their emittances at 1.4 GeV. 

pumps and titanium getter piunps are 8800-1/s and 48000- 
1/s, respectively. 

Table 1. Main parameters of the Saga storage ring 
magnets and stored beam. 

Electron beam energy       0.2-1.4 GeV 
Beam current & life 300 mA & 5 hs at 1.4 GeV 
Circumference 75.6 m 
Lattice DB(A) x 8 (eight fold symmetry) 

2.93 m X 8 
15 [35 (7.5-T wiggler)] 
6.796,1.825    [6.796,1.825] 
0.008074 
0.000672 [0.00079] 
106 [123] 
499.8 
90 kW & 500 kV 
126 
8.8 [10.35] 

Straight sections 
Emittance (nm-rad) 
Tunes (Vx,Vy) 
Momentum compaction 
Energy spread 
Radiation loss (keV) 
RF frequency (MHz) 
RF power & field 
Harmonic number 
Bunch length CT(mm) 
Beam sizes at straight section (coupling = 0.01) at r|=0.62 

ax()im) 
ay(iam) 

Injection energy (MeV) 
Dipoles & number 

Radius & field 
Number of quadrupoles 

Length (m) 
Max. gradient(T/m) 

Number of sextupoles 
Length (m) 

Max. gradient(T/m^) 

580 [680] 
34 [52] 
262 
11.25° edge focusing & 16 
3.2 m& 1.459 T 
40 (16QF1,16QD1, 8QF2) 
0.2(QF1), 0.2(QD1), 0.3(QF2) 
27(QF1), 27(QD1), 25(Qf2) 
32(16SF,16SD) 
0.10(SF),0.14(SD) 
150 
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Figure 3: Magnetic lattice of one full cell (9447.23inm) 

3 THE 262-MEV LINAC FOR ELECTRON 
INJECTION AND PEL OSCILLATION 

The 262-MeV linac injector is operated in two modes; 
l-|as and 9-^s macro-pulse operations. The 262-MeV 
electron beam with macropulse length of Ijas is for the 
storage ring injection and the 25-40-MeV electron beam 
with macropulse length of 9 us is for two-color FEL 
oscillation. The linac consists of a 120-keV thermionic 
triode gun, a 714-MHz prebuncher, a 2856-MHz 
standing-wave type buncher, and six Electrotechnical 
Laboratory type accelerating tubes. The accelerating tubes 
with a length of 2.93 m are of linearly narrowed iris type 
to prevent beam blow up effect [10]. 

An electron gun with a dispenser cathode and a grid 
pulser emits 0.6-ns pulses of 2.3 A at 22.3125 or 89.25- 
MHz. These pulses are compressed to 60 A x 10 ps by the 
prebuncher and the buncher. The RF source for 
prebuncher is a 714-MHz semiconductor type RF source. 
A 2856-MHz klystron (Toshiba E3729, 36 MW) is for the 
buncher and the first two accelerating tubes. 

At the injection mode, a 2856-MHz klystron (Toshiba 
E3712, 88 MW) is used for the following four 
accelerating tubes. At the FEL mode, the 9-ns macropulse 
electron beam is accelerated up to 40-MeV at the end of 
theAT-1. 

The electron beam consists of a train of several ps, 0.6- 
nC microbunches repeating at 22.3125 or 89.25-MHz like 
the Free Electron Laser Research Institute (FELI) linac 
[10]. The 1-ns macropulse operation mode at the 262- 
MeV is for electron injection and an electron charge of 
12-nC (0.6-nC x 20 pulses) is injected to the storage ring 
per second. The beam energy is ramped from 262-MeV to 
1.4 GeV after beam storage in a minute, since all magnets 
are made of laminations of 1mm or 0.5mm thick steel. 
The RF frequencies of the linac accelerator tube and the 
ring cavity are selected to be 2856 and 499.8-MHz to 
achieve time overiap on the macropulse of the IR-FEL 
and the SR so as to do pump-probe experiments [12]. 
Before installation of the 7.5-T wiggler in the fall of 

2005, we expect that the stored beam current and its 

lifetime will be  300-mA at  1.4-GeV  and 5  hours, 
respectively. 
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TEMPORAL CHARACTERISTICS OF A SASE PEL* 

Y. Li^, Z. Huang, J. Lewellen, S. V. Milton, V. Sajaev, K.-J. Kim, ANL, Argonne, IL 60439, USA 

Abstract 
We have performed a single-shot, time-resolved 

measurement of the output field of a SASE FEL using the 
frequency-resolved optical gating (FROG) technique. The 
measurement reveals the phase and the amplitude of the 
SASE output as functions of time and frequency, hence 
enables us to perform a full characterization of the SASE 
FEL output. We examined both the single-shot field 
evolution as well as the statistics over multiple shots on 
the phase and intensity evolution. 

INTRODUCTION 
In a SASE FEL, a favorable instability occurs due to 

the interaction of an electron beam and the 
electromagnetic wave it produces as the beam propagates 
down an undulator. Provided the interaction is strong 
enough, the radiation power grows exponentially with the 
imdulator distance until it reaches saturation [1,2]. Due to 
the mirrorless operation, such single-pass, SASE FELs are 
proposed for the next generation of high-brightness, 
coherent X-ray sources [3,4]. Recent experiments have 
demonstrated saturation of such SASE FELs [5-7] and 
their capability of achieving shorter and tunable 
wavelengths by direct amplification [6] as well as by 
harmonic generation [7,8]. 

We report the first single-shot time-resolved 
characterization of SASE pulses using the frequency- 
resolved optical gating (FROG) technique [9]. The 
measurement revealed the phase and intensity evolution 
of the FEL and their statistics over multiple shots. In this 
paper we will concentrate on the phase evolution [10]. 

Spherical lens 
to image crystal 
onto spectrometer slit 

EXPERIMENT 
The measurements were conducted at the low-energy 

undulator test line at the Advanced Photon Source [5,10]. 
Table 1 is a summary of the main parameters for the two 
experiments. Briefly, a high-brightness electron bunch 
generated from an rf photocathode gun is compressed 
through a magnetic chicane, accelerated to 217 MeV in 
energy, and sent into an undulator line. A fiill diagnostic 
system for the FEL output and the electron bunch are 
installed at each undulator, enabling us to verify the gain 
of the FEL [5,11]. A mirror at each station can direct the 
SASE light toward diagnostics located outside of the 
tunnel, where the FROG device resides. 

Table 1: Experimental Parameters 

BBO 

Experiment A B 
Peak current 850 A 530 A 
Effective bunch length (o^) 0.5 ps 0.13 ps 
Energy chirp (o^a^) 28 m-' 65 m-' 
rms normalized emittance 9 7ium 671 um 
Undulator period (A,u) 3.3 cm 
Undulator length (each) 2.4 m 
Undulator parameter (K) 3.1 
Beam energy (ymc^) 217 MeV 
Nominal wavelength (X) 530 nm 
Repetition rate 6 Hz 
Gain length (LQ) 0.68 m 0.87 m 

Cylindrical 
lens 

/stal 

Beam 
splitter 

Figure 1: Setup of the second harmonic frequency-resolved optical gating device. 
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Negative energy chirp of the electron bunch a^cj^ in 
data set A is determined by energy spread on a 
spectrometer using a modified linac zero-phasing 
technique. Here 05 is the relative correlated energy 
spread, and o^ is the rms bunch length. Exponential gain 
was verified by measuring the PEL output as a function of 
the distance along the undulators. 

A single-shot FROG device using the second harmonic 
gating geometry [9] records single-shot spectrograms (see 
Fig. 1 for the device setup). In this configuration, the 

signal is 
^raoc(«'0°^ \E{t-r)E{{)&vp{~mt)dt where 

E is the field of the optical pulse and contains both 
amplitude and phase information. 

Example traces of the FROG measurement along with 
the retrieved pulse shape and phase in the time and 
frequency domains are given in Fig. 2. 

In general, the traces measured by the FROG have large 
fluctuations. Figure 2 shows cases with single (a) and 
multiple (b) intensity spikes. The asymmetry in the 
frequency axis in the trace is an indication of overall 
energy chirp. While the phases for each spike are very 
comphcated, there are clearly phase discontinuities at the 
edge of some spikes. 

To interpret the observation in Fig. 2, we recall that the 
temporal characteristics of a SASE pulse, due to the noisy 
startup, are those of chaotic light. Under the one- 
dimensional, cold-beam approximation with the electron 
energy chirp considered, the electric field in the 
exponential growth regime is a sum of A'e wave packets 
[12-15]: 

£(/,z) = £„(z)2;exp /K+<i.",0-?.-^)K<-, -£) 
(1) 

xexp -^"-''-t«'-i' 
where A^^ is the total number of electrons in the bunch, 
ft)j=ft^+2<D7/j-?o), Vp=c/(1+VA,), a>'V=fflbccr6/ok with ffib 
being the instantaneous resonant frequency at /Q, -EOCZ) 
contains the exponential growth factor, fj is the arrival 
time of the /'' electron, Vg is the group velocity of each 
wave packet with an rms coherent length a^'iQfJpf^llco,, 
K is the number of undulator periods, and p is the PEL 
scaling parameter [2]. Clearly, an intrinsic chirp exists 
within a coherent spike as indicated by the quadratic 
phase term oi(t-tr2Jv^^lA^(j^ in Eq. (1), and an overall 
frequency chirp exists from spike to spike through <^'\. 
Collecting all coefficients of quadratic terms in Eq. (1) 
and taking into account the dispersion in the collecting 
optics, the chirp observed by the FROG is 

<:/V = -2Im(r) = 2 n0+<i>: (2) 

where Q.=Aah^\®, 0=1/3 "V 4 a^ 0)"^, and <D"„ is the 
dispersion in the collecting optics of 1.9-cm fiised silica. 

The experimentally measured chirp \f\ for both data 
sets are given in Fig. 3 (a) and (b) as a fimction of the 
coherence length (approximated as the spike length) for 

(a) Shot A070 
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1.0 « 
.0^ /\ 
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Figure 2: Two sample FROG traces with retrievals, 
showing the raw and reconstructed traces, as well as 
the intensity (solid lines) and phase (dashed lines) in 
the time and frequency domains. 

individual spikes. Due to the intrinsic jitter and 
comphcated behavior of each spike, the data are rather 
scattered. Even so, one can clearly identify a sharp dip at 
around crt=75 and 50 fs for data sets A and B, 
respectively, that corresponds to 0*0 in Eq. (2). By 
slightly adjusting the electron beam energy chirp in Eq. 
(2), we are able to fit the position of the dips at -28/m and 
-75/m for data sets A and B, respectively (see curves in 
Fig. 2). Simulation shows that, the chirp can be due to the 
uncompensated chirp from the bunch compressor, as well 
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.«/) 

CO 

Figure 3: The experimentally measured FEL pulse chirp as a function of the coherence length for experiments A and 
B. The symbols are the experimental data and the curves are fittings using Eq. (2) with different electron beam 
chirps. 

as the effect of the longitudinal wake field, if not 
intentionally imposed. 

The results in Fig. 3 unambiguously reveal the positive 
intrinsic SASE chirp. They also verify that the electron 
beam energy chirp directly maps into the FEL output, a 
key process for compressing and slicing the pulse from 
future X-ray FELs. Figure 3 also serves as an independent 
measurement of the electron bunch energy chirp. 

The FROG traces also provide rich information on the 
statistics of the SASE output, especially the temporal 
information on these pulses. As the FROG traces provide 
the information in the frequency domain simultaneously, 
a correlation analysis between the time and the frequency 
domain is now possible. A more detailed analysis of the 
statistics is underway. 

SUMMARY 
In conclusion, we observed a positive intrinsic chirp in 

the SASE FEL spikes, and we confirmed that the energy 
chirp in the electron bunch does map to the SASE output. 
These observations have very important applications for 
future X-ray FEL sources in pulse engineering and 
manipulation. 

The authors are grateful for help by O. Markarov and 
R. Dejus for performing the gain length measurement and 
processing the data. We also thank L. Teng for insightful 
discussions. 
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BEAM-BASED UNDULATOR FIELD CHARACTERIZATION AND 
CORRECTION AT DUV-FEL 

H. Loos*, T. Shaftan, 
BNL, Upton, NY 11973, USA 

Abstract 

We present the results of the commissioning of the 10 m 
long NISUS undulator of the Deep Ultra Violet Free Elec- 
tron Laser (DUV-FEL) project. The magnet and diagnos- 
tics geometry is discussed and tolerances on the beam tra- 
jectory straightness are shown. The beam-based alignment 
algorithm and its application to correct the NISUS field er- 
rors are described. 

DUV-FEL PROJECT 

Up to date the Deep Ultra Violet Free Electron Laser 
(I3UV-FEL) project is fully commissioned at the NSLS 
(BNL) [7]. The magnetic system of the FEL includes the 
10 m long permanent magnet hybrid undulator NISUS [5] 
with 3.89 cm period length and 0.31T peak field at 2.08 cm 
gap. The NISUS undulator consists of 16 sections with 32 
poles in each. The six poles in the middle of every sec- 
tion are altematingly canted with a cant angle of 0.108 rad. 
Additional magnetic fields can be superimposed onto the 
static magnetic undulator fields by means of a so-called 
4-wire structure in every section consisting of 4 indepen- 
dendy powered wires, which allows for any combination of 
vertical and horizontal dipole as well as normal and skew 
quadrupole fields. These coils are integrated within the 
vacuum chamber for the electron beam. Additional hor- 
izontal correction is provided by so-called pancake coils, 
which have a rather uniform dipole field within the gap. 

200        400        600 
Trajectory Error Qim) 

800 

Figure 1: Gain reduction in NISUS for SASE at 266 nm 
due to rms trajectory deviation from field errors simulated 
with GENESIS 1.3. An empirical fit is shown in red. 

* loos@bnI.gov 
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Along NISUS are 16 retractable YAG monitors [8] each 
with a periscope and image relay to an attached CCD cam- 
era. Two additional monitors 1 m and 6 cm in front of 
the wiggler are included to record the initial conditions of 
the electron beam with respect to the undulator. A HeNe 
laser beam, aligned to apertures before and after the undu- 
lator, provides a reference position for each monitor. The 
monitors are calibrated individually and have a resolution 
of approximately 10 /xm (rms). An automated procedure in 
the MATLAB/EPICS control system records electron and 
laser beam images to obtain beam centroid and size at ev- 
ery monitor location. From these data the beam emittance, 
Twiss parameters, and launching condition at the wiggler 
entrance can be determined and corrected with upstream 
magnets [9]. 

To determine the tolerances on trajectory straightaess 
we used the GENESIS 1.3 code [10], assuming the ac- 
tual NISUS design. Gain length values were calculated 
for the beam parameters used in the HGHG experiment of 
266 nm wavelength, 350 A peak current, 3 /xm emittance 
and 2 • 10"^ relative energy spread. For the error model 
used in the simulation we assumed that every section of 
NISUS has an error field value which is distributed uni- 
formly over the section length. Correlated trajectory devia- 
tions which correspond to betatron oscillations were inhib- 
ited by imposing appropriate constraints on the field errors. 
The relative efficiency reduction, i.e. gain length increase, 
is shown in Fig. 1. A 10% relative increase of the gain 
length is induced by a field error of 1 mT (rms) or a trajec- 
tory error of 100 /im. 

UNDULATOR FIELD MODEL 

The fixed and variable electromagnetic focusing in 
NISUS can be regarded as uniform along the wiggler, since 
the resulting betatron wavelength is much longer than the 
section length. The electron beam trajectory for the hori- 
zontal plane x{z) and similar for the vertical is then deter- 
mined by the differential equation 

x" + k''x = B{z) 
Bp (1) 

where By{z) is the error magnetic field and k the betatron 
wavenumber. The solution of this differential equation. 

x{z) xo cos{k z) + -j- sm{k z) 

dz'^ sin {k(z- 
kBp ^ 

+ f Jo 
■ z')) ,      (2) 
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Figure 2: Horizontal and vertical beam position in NISUS 
with betatron oscillation removed. The green midpoints are 
obtained by quadratic interpolation. The solid curves rep- 
resent the trajectories according to the field errors (Fig. 3) 
obtained from the linearly (blue) and quadratically (green) 
interpolated data. 

contains two homogeneous terms, which correspond to 
non-zero initial conditions, and an inhomogeneous term 
caused by the field errors. The explicit solution of Eq. (2) 
depends on the field error model and can be integrated for 
uniform error fields Bi of length » centered within each 
section at location Zj. For any trajectory propagating close 
enough to the undulator axis with small amplitude of be- 
tatron oscillation the focusing strength k in Eq. (1) can be 
neglected. The solution of this differential equation then 
gives at the monitor locations between consecutive sections 
for the inhomogeneous term 

>,inh 1     " 

Bpi i\^n      ^i) (3) 

This linear set of equations x„ = ni Bi can in prin- 
cipal be used to obtain the average field errors for each 
section from the measured beam positions. However, in- 
specting reveals that it is badly conditioned and can not 
simply be inverted. Since there is no constraint for the tra- 
jectory angle at each monitor position, the trajectory ob- 
tained from the calculated field errors can have a large os- 
cillation with a period of twice the section length. To avoid 
the oscillations, the trajectory angle can be constrained by 
introducing virtual monitors located between the real ones 
and interpolating the trajectory there with either a linear or 
a quadratic function. 

10 

-10 

10 

0-1 

-10- 

T 1 1 1 1 r 

^ h H 1 h 

0 2 4 6 8 10 
Distance (m) 

Figure 3: Correction currents for the trim coils required to 
compensate the calculated field errors from the linear (blue) 
and quadratic (green) model. 

EXPERIMENTAL RESULTS 

To determine the uncorrelated field errors, the pancake 
and 4-wire system was initially set to uniform values, 
which provide equal focusing strength and a magnetic axis 
at the reference laser position. Any remaining betatron os- 
cillation from missteering at the undulator entrance was 
obtained by a fit to the data and subtracted to retrieve the 
trajectory corresponding to the inhomogeneous solution of 
Eq. (3). Figure 2 shows he uncorrelated trajectory devi- 
ation and the midpoints from quadratic interpolation (the 
midpoints in the linear case are not shown). The best fit 
of the field error distribution to the given beam positions 
are presented in Fig. 3 for both the linear and quadratic 
interpolation of the midpoints. The magnetic field is al- 
ready scaled to corresponding trim corrector currents using 

PC = 58 //T/A for the pancake correctors and 4^ = 
57/iT/A for the 4-wire trim coils. The two methods give 
very similar results. However, some of the calculated field 
errors are already dominated by the accuracy of the trajec- 
tory measurement, thus limiting the achievable precision of 
the correction discussed below. 

Correcting the obtained field errors with corresponding 
changes in the trim coils and measuring the resulting trajec- 
tory, an iterative procedure was established to remove the 
field errors. The initial and final trajectory after three itera- 
tions can be seen in Fig. 4. The original trajectory deviation 
in respect to the betatron oscillation of 90/zm for both the 
horizonal and vertical direction was reduced to 38 fim and 
29 fim, respectively. The remaining deviation is compara- 
ble to the one of the reference laser, as shown in Fig. 5. 
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The displayed reference laser position is a single measure- 
ment in reference to the average over multiple scans, thus 
showing the reproducibility of the monitor positions and 
the jitter of the laser beam centroid. The iterative method 
converges within the precision of the trajectory measure- 
ment. 
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Figure 4: Initial (blue) and final (green) trajectory after 
three iterations of the correction algorithm. 
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SUMMARY 
The applicability of the BBA method presented here is 

demonstrated for the NISUS undulator. It is shown that for 
a complex undulator geometry including static and electro- 
magnetic focusing a beam-based method works efficiently, 
providing electron beam parameters sufficient for a suc- 
cessful PEL performance. 
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ELECTRON BUNCH SHAPE MEASUREMENTS AT THE TTF-FEL 

K. Honkavaara, S. Schreiber*, Ch. Gerth, Ph. Plot, DESY, 22603 Hamburg, Germany 

Abstract 

The TESLA Test Facility linac has been operated in the 
first half of 2002 with two bunch compressors to drive the 
TTF-FEL free electron laser. During this running period, 
SASE radiation with a wavelength around 100 nm has been 
routinely delivered to experiments. The longitudinal shape 
of the electron bunches is a crucial property of the elec- 
tron beam: a peak current in the order of 1 kA is required 
to drive the SASE process with the given undulator de- 
sign, transverse emittance, and energy spread. We report 
on measurements of the bunch length and shape for differ- 
ent operating conditions of the two bunch compressors. 

INTRODUCTION 

To drive the TTF-FEL free electron laser at DESY, ex- 
cellent beam properties in the transverse and longitudinal 
planes are essential: a small transverse emittance in the 
order of a /xm, a high peak current in the kA range, and 
a small uncorrelated energy spread below 0.1 %.[1] Opti- 
mized TTF beam parameters for the FEL runs are discussed 
in Ref. [2]. The saturation has been achieved in the VUV 
wavelength region (80 to 100nm)[3], and SASE radiation 
has been routinely delivered to the experiments during sev- 
eral running periods in 2001 and 2002. 

A sketch of the TTF linac is shown in Fig. 1. The elec- 
tron source is a laser-driven RF gun with a Cs2Te cathode. 
The RF gun section is followed by a booster, a standard 
TESLA 9-cell superconducting accelerating cavity oper- 
ated at 11.5 MV/m. After the booster the beam energy 
is 16.5 MeV. The beam is accelerated by two 12 m long 
TESLA accelerating modules containing eight 9-cell super- 
conducting accelerating structures each. After a collima- 
tion section, the beam is injected into the undulator mod- 
ules with an energy of up to 300 MeV. Two magnetic chi- 
cane bunch compressors are installed: BCl is downstream 
of the booster cavity, BC2 between the accelerating mod- 
ules. 

At the end of the last FEL run beginning of 2002, both 
bunch compressors have been used to shape the longitudi- 
nal charge distribution of the electron bunch. In the follow- 
ing, measurements of the longitudinal bunch shape using a 
streak camera for different settings of the two compressors 
are presented. 

EXPERIMENTAL SET-UP 

To measure the bunch distribution, we use synchrotron 
radiation emitted by the horizontally deflecting spectrom- 
eter dipole after the undulator (see Fig. 1).   The optical 

* siegftied.schreiber@desy.de 

part of the synchrotron radiation is guided by four flat alu- 
minum mirrors to a streak camera situated outside of the 
accelerator tunnel. An achromat lens is used to focus the 
light onto the entrance slit of the camera. In order to reduce 
chromatic effects, a narrow-band wavelength filter is being 
used. [4] The data presented here are obtained using a filter 
of500±40nm. 

The streak camera (Hamamatsu FESCA-200 C6138) has 
an intrinsic resolution of 208 fs (FWHM) measured with a 
fs probe laser. [5] Only some data have been taken with the 
fastest streak speed of 20 ps/10.29 mm. Most of the the data 
presented here are obtained with the second fastest streak 
speed of 50 ps/10.29 mm. For this speed, the resolution 
is 200 fs (sigma) only. In the case of long uncompressed 
bunches, the streak speed of of 100 ps/10.29 mm was more 
suitable. The entrance sUt is adjusted to be as small as re- 
quired to obtain the best resolution. In most of the mea- 
surements the slit is between 20/im and 40/im, the latter 
has a better photon yield. For these slit sizes the intrinsic 
camera resolution is not significantly changed. The gain of 
the streak camera multi-channel plate has been adjusted in 
a way to maximize the signal but to avoid saturation effects. 

A bunch signal with a jitter of about 50 ps served as a 
trigger for the streak. [6] 

DATA ANALYSIS 

For a given machine setting, several streak images have 
been recorded. The images are projected onto the time axis. 
In order to reduce the noise due to photon statistics, several 
single profiles (typically from five to ten) are overlayed. 
Due to the trigger jitter, the recorded images are not in the 
same time position. The shifting of the profiles for overlay- 
ing along the time axis is performed manually taking the 
leading edge of the profile as a reference. The average of 
the overlayed profiles is calculated. Since the bunch charge 
was stable during the measurement, a charge scaling of the 
profiles was not necessary. An example of nine overlayed 
profiles with the average profile superimposed is shown in 
Fig. 2. 

All profiles shown in the following are averaged profiles, 
and scaled according to their peak intensity. The profiles 
have not been corrected for the resolution of the camera. 

EXPERIMENTS AND RESULTS 

The longimdinal electron bunch profile has been mea- 
sured with different settings of the bunch compressors. Ta- 
ble 1 summarizes some design parameters. In all the mea- 
surements presented here, the beam was passing through 
BC2 with a deflecting angle of 18°. Nominally, the first 
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Figure 1: Schematic overview of the TTF-FEL linac phase 1 (not to scale). Beam direction is from right to left, the total 
length is 100 m. 

35        40        45 
Time (ps) 

Figure 2: Several measurements of the same longitudinal 
beam profile. The average of the profiles is superimposed. 

accelerating module (module 1) RF is dephased by 12° 
to obtain maximum compression. BCl is either bypassed 
or used with two different deflecting angles: 24° and 30°. 
When BCl is bypassed, the booster cavity RF is operated 
with a phase 10° off-crest corresponding to a minimum in 
energy spread. The RF phase of the RF-gun has always 
been nominal 40° from zero crossing. The second module 
is operated with on-crest acceleration. 

Table 1: Some design parameters of the bunch compres- 
sors. 

Time (ps) 

Figure 3: Average bunch profiles with both BCl and BC2 
in use (1 nC). Upper: Module 1 on-crest. Booster cav- 
ity phase corresponding to minimum energy spread, 10° 
off-crest (red), booster cavity phase at 22° oflF-crest (blue). 
Lower: Booster phase 22°, module 1 phase on-crest (0°) 
(red), module 1 phase in full compression (12°) (blue). 

parameter BCl BC2 
defl. angle (°) 22.5 18 
R56 (mm) 88 180 
max. disp. (mm) -15 -346 
compression ratio 2 4 

For all settings, the general shape of the bunch is dom- 
inated by a sharp leading peak and a long tail. The small- 
est measured width of the peak is 600 ± 100 fs (sigma) and 
containes about 1/3 of the charge, yielding in a peak current 
of 1 kA.[2] 

Figure 3 shows the effect of the booster phase and mod- 
ule 1 phase on the bunch shape. The beam passes through 
both compressors, BCl is operated with a deflecting angle 
of 30°, BC2 with 18°. The bunch charge is about 1 nC. 

In the upper plot, the module 1 phase is on-crest. The 
profiles are for the case of the booster at minimum energy 
spread (-1-10°, red), and at compression (H-22°, blue). The 
compression effect of BCl is only visible in the tails and in 

the calculated rms over the whole distribution. 
The lower plot shows the effect of the module 1 phase: 

the module is on-crest as before (red), and with a phase of 
+12° corresponding to maximum compression (blue). 

The compressing effect of BC2 is very clear (Fig. 3, 
lower plot). A similar behavior has been observed bypass- 
ing BCl [4], as well as in our earlier measurements with a 
lower resolution camera[7], where the peak could not have 
been resolved. 

The effect of the booster cavity phase is small (Fig. 3, 
upper plot). The aim of using BCl is not to fiilly com- 
press the bunch, but rather to shape the leading peak. We 
expect the precompression widi BCl to shorten the bunch 
before acceleration with module 1, and thus to reduce the 
curvature in the longitudinal phase space due to the RF. The 
reduced curvature leads - after compression with BC2 - to 
a larger and more gaussian peak and a shorter tail. 

Figure 4 compares three bunch shapes, while the ma- 
chine was lasing with SASE close to saturation.  In one 
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case, BCl has been bypassed (red), in the other cases, BCl 
has been set to compression (24° deflection), and tuned to 
keep the machine lasing. The booster phase is 25° (green) 
and 26.5° (blue). For all cases, the bunch charge was be- 
tween 2.5 and 3 nC. 

From the comparison it is clearly visible, that the pre- 
bunching with BCl effectively widens the sharp peak and 
shortens the tail. The effect of this tailoring of the lasing 
bunch slice on the measured internal mode structure of the 
FEL radiation has been reported in [8]. 

[3] V. Ayvazyan et al, "Generation of GW radiation pulses from 
a VUV Free-Electron Laser operating in the femtosecond 
regime", Phys. Rev. Lett., 88 (2002) 104802. 

[4] Ch. Gerth et al, "Bunch Length and Phase Stability Mea- 
surements at the TESLA Test Facility", FEL2002, Argonne, 
111., USA, Sept 9-13,2002, to be published 

[5] Hamamatsu C6138 FESCA-200, Test report, September 
2000. 

[6] The synchronization of the Uigger has been provided by E. 
Janata, HMI, Berlin 

[7] K. Honkavaara, Ph. Piot, S. Schreiber, D. Sertore, "Bunch 
Length Measurements at the TESLA Test Facility using a 
Stteak Camera", Proc. of the 2001 Partical Accelerator Con- 
ference, Chicago, 111., USA, June 18-2'2, 2001, p. 2341. 

[8] V. Ayvazyan et al, "Study of the statistical properties of the 
radiation from a VUV SASE FEL operating in the fem- 
tosecond regime", FEL2002, Argonne, 111., USA, Sept 9-13, 
2002, to be published. 

Figure 4: Average bunch profiles for settings, where the 
FEL was lasing. (a) BCl is bypassed (red), (b) BCl set to 
compression (24° deflection), booster phase at 25° (green) 
(c) and 26.5° (blue). Charge for all cases between 2.5 and 
3nC. 

DISCUSSION AND CONCLUSION 

We have measured longitudinal bunch shapes with dif- 
ferent settings of the bunch compressors. The data show 
clearly a shape with a dominant leading peak of a cuurent 
of 1 kA and a long tail. The first bunch compressor BCl 
is used as a pre-buncher to tailor the leading peak of the 
bunch profile. This peak shows up after compression with 
the second chicane BC2. It is actually the part or slice of 
the bunch which contributes to the SASE lasing process. 

In this sense, TTFl was able to influence the mode 
structure of the SASE FEL radiation by carefully adjust- 
ing phases and compression of BCl. 
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Abstract 
We report in this paper the results of start to end 

simulations concerning the SPARX option based on an S- 
band normal conducting linac. One of the most critical 
systems is the bunch compressor. The effects on beam 
dynamics of a magnetic chicane system and a rectilinear 
RF compressor integrated in a high brightness 
photoinjector, are analyzed and compared in this paper. 

INTRODUCTION 
The SPARX proposal is devoted to the realization in 

Italy of a large scale ultra-brilliant and coherent X-ray 
source [1]. Two spectral complementary regions around 
13.5 nm and 1.5 nm, are considered for the radiation 
source. A preliminary set of the required beam parameters 
are reported in table 1. Two basic schemes have been 
considered for the Linac, as shown in figure 1: the first 
one, the Hybrid Scheme, consists in an advanced high 
brightaess photoinjector, with a RF compression stage 
[2], followed by a first linac (Linac 1) that drives the 
beam up to 0.5 GeV with the correlated energy spread 
required to compress the beam in the next magnetic 

chicane. The second linac (Linac 2) drives the beam up to 
2.5 GeV while damping the correlated energy spread, 
taking profit of the effective contribution of the 
longitudinal wake fields provided by the S-band 
accelerating structures. 

Table 1 - Beam Parameters 

Beam Energy                         2.5          GeV 

Peak current                    |       2           KA 

Emittance (projected)              2           jmi 

Emittance (slice)                      1           j^jn 

Energy spread                        0.1          % 

In the Fully Magnetic Scheme the first compression 
stage is provided by a magnetic chicane after the Linac 1 
at 350 MeV. An intermediate linac section, Linac 2, 
drives the beam up to 1 GeV. The next magnetic chicane 
compresses the beam up to the project requirements. The 
final Linac 3 brings the beam up to 2.5 GeV, while 
compensating the final energy spread of the beam. 

.150 GeV ,„„    .500 GeV R56=34 mm, a8=0.73 % 
J        |a,~290Mm   I r 

\ \ 
<t)=-18.6o V=35 MV 

2.5 GeV 

i 
CTz~45 [ivn 

.150 GeV .35 GeV 

i 
R56=47mm, 
o^=1.65% 

I 
1 GeV "^se"^ ""^ i ^ev cT.=o.8% 

(t>=-25.60 

t 
o ~ 1.0 mm 

2.5 GeV 

1 

CTj,~ 45 nm 

Figure 1: Schematic layout of the two SPARX linac designs: upper plot the Hybrid scheme, lower plot the Fully 
Magnetic scheme 
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HYBRID SCHEME 
The Photolnjector design considers a 1 nC bunch, 

10 ps long (flat top) with a 1.2 mm radius, generated 
inside a 1.6-cell S-band RF gun of the same type of the 
BNL-SLAC-UCLA one, operating at 140 MV/m peak 
field equipped with an emittance compensating 
solenoid (B=3090 G). Three standard SLAC 3-m TW 
structures each one embedded in a solenoid boost the 
beam up to 150 MeV. Applying the RF compression 
method, together with the proper setting of the 
accelerating phase and solenoid strength it is possible 
to increase the peak current while preserving the beam 
transverse emittance [2]. We have obtained, (Parmela 
[3] simulation), a bunch average current of 300 A with 
a normalised rms emittance below 1 |xm, as shown in 
figure 2, using the parameter setting listed in table 2. 

500 

0:1 nC 

o,?s 

03 

/\ 0=1nC 
4001 \ ^« ;cn.i 

3001 Q.1S \\ —•—t^ (cmmrad) 

,^' u 
2001 0.1 w^-— 
100- ~,y O.OS V^—..^^ 

•o 200    400    «00 
Xem) 

100 1000 1200     0 K >0      400      6D0      8^ 
acmi 

10      1000     1200 

Figure 2: Parmela simulations of the peak current (left), 
rms norm.emittance and rms beam envelope (right), 

along the Photolnjector structure. 

Table 2 
TW section                          I             n             m 

Gradient [MV/m]                15            25            25 

Phase [Deg]                       -86          -37             0 

Solenoid field [G]              1120        1280           0 

The Linac consists in a first accelerating section, Linac 
I, where 7 standard SLAC 3-m structures bring the 
beam up to an energy of .5 GeV. The accelerating 
phase is -18.6°, and the resulting energy spread is 
about 0.7%. A fourth harmonic cavity (11.424 GHz), 
follows, 60 cm long, in order to linearise the beam 
energy correlation. A magnetic chicane with R56 = 34 
mm, about 15 m long, compresses the beam from 290 
Mm to 45 |xm. A second accelerating section, Linac II, 
with 34 SLAC structures, in which the beam travels on 
crest, brings the beam energy up to 2.5 GeV and 
remove the energy spread . 

FULLY MAGNETIC SCHEME 
The Photolnjector system consists of a 1.6 cell RF gun 
operated at S-band and high peak field on the cathode, 
(120 MV/m), generating a 6 MeV beam. The gun 
solenoid field is B=2730 G, and the injection phase is 
33°. The beam is then focused and matched into 2 

accelerating sections of the SLAC type, as described in 
[4]. Our simulations using PARMELA indicate that we 
can generate in this way a beam at 155 MeV with a rms 
correlated energy spread of 0.2%, and a rms norm, 
emittance of 0.6 jun (at 1.0 nC bunch charge and I = 
90 A peak current). The slice energy spread and the 
slice norm, emittance, calculated over a 130 [om slice 
length, are well below 0.04% and 0.5 (jm respectively, 
all over the bunch. 

In the first accelerating section, Linac I, four 
standard SLAC 3-m structures bring the beam energy 
up to .35 GeV. The accelerating phase is -25.6°, and 
the resulting energy spread is about 0.17%. A fourth 
harmonic cavity follows in order to linearise the beam 
energy correlation. A magnetic chicane, about 3m long, 
with R56 = 47 mm compresses the beam from 1 mm to 
230 |im. A second accelerating section, Linac 11, with 
ten SLAC structures, operating at 22° off crest, 
accelerates the beam up to 1 GeV with energy spread 
0.8%. The second chicane, R56 = 23 mm, 15 m long, 
compresses the beam up to 45 ^xa.. In the third linac 
section, Linac III, twenty seven structures, accelerating 
the beam on crest, bring the beam energy up to 2.5 
GeV and compensate the energy spread 

TIMING JITTER ANALYSIS 
One of the relevant aspects in the SPARX project is 

the sensitivity of the compression system to the laser 
pulse temporal jitter [5]. The performances of the two 
proposed schemes have been analysed and compared 
adding a 1° phase error at the RF gun injection stage. 

The two channels have been optimized, with the 
code Litrack [6], to obtain the minimum sensitivity of 
the compressed beam properties to the phase error. For 
the hybrid scheme the optimized on has been 
performed on the channel downstream the RF 
compression stage, looking for the best combination of 
the relative phase of the first linac section, the X-band 
cavity voltage and the R56 value of the magnetic 
chicane. The same has been done for the purely 
magnetic channel regarding the parameters of the first 
two Imac sections, the X-band and the two magnetic 
chicanes. The results are reported in table 3 and in 
figures 3 and 4. It's worth to notice that with the 
optimized Hybrid scheme in all of the three cases the 
final peak current is higher than 2 kA, and with the 
Purely Magnetic scheme, we have two cases with 2 kA 
and one with the peak current 10% lower. 

Table 3 

Hybrid       F. Magnetic 

A<^ (ps)       Ipeak(kA)            W(kA) 

0             2.0                 2.0 

+1             1.9                 1.8 

-1             2.4                 2.3 
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Figure 3: Slice analysis of the beam properties at the 
exit of the linac, for the hybrid reference case. 
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Figure 4: Slice analysis of the beam properties at the 
exit of the linac, for the fully magnetic reference case. 

THE FEL SASE SOURCE 
The beam quality has been tested by simulating the 
FEL process at the wavelength of 1.5 nm with the 
beam parameters obtained at the end of the last 
compression stage. The simulations have been done 
with the time dependent version of PERSEO [7]. The 
beam has been longitudinally "sliced" in five regions 
where the average parameters (emittance, energy, 
energy spread, current) have been calculated. The 
parameters of the slice with the higher current have 
been selected for the simulation. In table 4 a list of the 
"best slice" beam parameters for each case are shown. 
In table 5 the saturation length in presence of ±1° of 
phase jitter are reported for both schemes. The hybrid 
scheme with a phase jitter of +1° shows 
overcompression effects, resulting in more than 2 fxm 
x-emittance. The magnetic saturation length is in this 
case of about 36 m. 

Case Ip«*(A) Enj((in-rod) epyCm-rod) y Og/E 

Hybrid 

Reference 
2790 0.83E-06 0.49E-06 4977 1.82E-04 

Hybrid 
♦1° 

2230 0.95E-06 0.51E-06 4982 5.53E-04 

Hybrid 

-r 3330 2.13E-06 0.66E-06 4977 5.64E-04 

Magnetic 

Reference 
3237 0.84E-06 0.56E-06 5038 3.49E-04 

Magnetic 
-r 2748 0.84E-06 0.62E-06 5038 2.80E-04 

Magnetic 
3744 l.IOe-06 0.56E-06 5038 4.60E-04 

Table 5 

Case 
Sat. L (m) 

(Steady State) 
Sot. L (m) 

(Time Dependent) 
Hybrid 

Reference 
18.7 19.5 

Hybrid 
23.3 23.6 

Hybrid 
-1° 36.5 36.7 

Magnetic 
Reference 

18.5 19.0 

Magnetic 
_-ll  

Magnetic 

19.5 

19.9 

20.5 

20.2 

CONCLUSIONS 
We have analysed the effects of a phase jitter (±1°) on 
the SPARX beam quality considering two different 
concept for compression schemes,. The parameters 
have been set to obtain an equivalent compression 
factor between the two schemes. The slice parameters 
in terms of emittances, energy spread are comparable. 
The purely magnetic compression provides a more 
linearised longitudinal phase space which could in 
principle allow a further compression. We expect to 
obtain similar results also in the hybrid scheme with 
the rv harmonic cavity located upstream the RF 
compressor. The beam quality have been tested with 
time dependent PERSEO simulations showing a 
slightly lower sensitivity to phase jitter for pure 
magnetic compression. The low number of 
macroparticles considered in the ELEGANT 
simulations doesn't allow a correct representation of 
collective effects arising from the CSR coupling. A 
further effort in this direction is required to complete 
the analysis. 
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Abstract 
A crystalline undulator (CU) with periodically deformed 
crystallographic planes is capable of deflecting charged 
particles with the same strength as an equivalent magnetic 
field of 1000 T and could provide quite a short period L 
in the sub-millimeter range. We present an idea for 
creation of a CU and report its first realization. One face 
of a silicon crystal was given periodic micro-scratches 
(grooves), with a period of 1 mm, by means of a diamond 
blade. The X-ray tests of the crystal deformation have 
shown that a sinusoidal-like shape of crystalline planes 
goes through the bulk of the crystal. This opens up the 
possibility for experiments with high-energy particles 
channeled in CU, a novel compact source of radiation. 
The first experiment on photon emission in CU has been 
started at LNF with 800 MeV positrons aiming to produce 
50 keV xmdulator photons. 

INTRODUCTION 
The energy of a photon, E, emitted in an undulator is in 

proportion to the square of the particle Lorentz factor y 
and in inverse proportion to the undulator period L: 
E=)x^c/L. Typically, at the modem accelerators the period 
of undulator in the synchrotron light sources is a few 
centimeters [1]. 

With a strong worldwide attention to novel sources of 
radiation, there has been broad interest [2-12] to compact 
crystalline undulators. A CU with periodically deformed 
crystallographic planes bends the charged particles as an 
equivalent electromagnetic field in the order of 1000 T 
and could provide a period L in sub-millimeter range. 
This way, a hundred-fold gain in the energy of emitted 
photons is reached, as compared to a usual undulator. 

PECULIARITIES    OF    CRYSTALLINE 
UNDULATOR 

Particle trajectories in a deformed crystal are more 
complicated than in a usual undulator (Fig. 1). Undulator 
radiation is accompanied by a harder component 
(channeling radiation). This component is harder than 
undulator radiation because of the smaller period of 
oscillations Lchr~ 3 micron (for typical energies of a few 
GeV, where undulators are used). On the other hand it is 
lower in intensity because the amplitude of oscillations is 
also small Achr ~ 1 A. At the condition Acu » A^hr the 

undulator radiation has much higher spectral density and 
the background radiation is not essential. 

usual undulator 

Fig.l Peculiarities of a crystalline undulator. 

METHOD OF CU CREATION 
Different ideas have been proposed for creation of CU 

[2-15], but they are still pending realization. We have 
recently [2] demonstrated by means of X-rays that 
microscratches on the crystal surface make sufficient 
stresses for creation of a CU by making a series of 
scratches with a period of 1 mm. Now we have optimized 
this process and were able to produce an undulator with a 
period in sub-millimeter range and with a good amplitude. 
A series of undulators was manufactured with the 
following parameters: length along the beam 1 to 5 mm, 
thickness across the beam 0.3 to 0.5 mm, 10 periods of 
oscillation with step fi-om 0.1 to 0.5 mm, amplitude on the 
order of 50 A. The undulators were tested with X-rays as 
described in ref [2]. 

Fig.l Example of a microgroove on crystal surface. 
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The X-ray (17.4 keV) beam was coUimated to 2 mm 
height and 40 |xm width before incidence on the sample 
surface. The sample could be translated with accuracy of 
1 M-m and 1" by use of a standard theodolite. A Nal 
counter with wide-acceptance window detected the 
diffracted radiation. The count rate of diffracted quanta is 
maximal under Bragg condition, achieved by rotation of 
the sample. Fig.3 shows the measured angles as functions 
of the beam incidence position at the crystal surface. On 
the same absolute scale, the position of grooves is shown 
as i?vell. The periodic angular deformations of the crystal 
planes reach an order of 40-50 jxrad. The plane 
deformation amplitude is in the order of 20 A as obtained 
by analysis of the angle-versus-position function of Fig. 
3, measured on the opposite (unscratched) face of the 
crystal. This means that a sinusoidal-like shape of 
crystalline planes goes through the bulk of the crystal. 

" O.S 1 X-Ray Position, irnn 

Fig. 3 X-ray test of one of the undulators. 

SCHEME OF A PHOTON EMISSION 
EXPERIMENT 

Our collaboration has two appropriate sites for an 
accelerator experiment on generation of photons in a 
crystalline undulator. These are LNF with the positron 
beam energy 500-800 MeV, and IHEP where one can 
arrange positron beams with energy above 2 GeV. In 
order to improve background condition, one needs to 
place the CU into vacuum. A goniometer provides an 
angling of crystal within ±20 mrad with a step size of 
about 0.050 mrad. Right after the vacuum box, a cleaning 
magnet is positioned. The vacuum system is ended by a 
tube as long as 3 m, 200 mm in diameter, which has at the 
end a Mylar window 0.1-0.2 mm thick. 

As a detector of photons, we use a crystal of Nal (Tl) 
with a diameter of 1 cm xlO cm. To calibrate the y- 

detector, we use radioactive sources "'Am with E^=59 

keV, and *"Co with E,=1.15 MeV. Aim of the experiment 
is the observation of undulator photons emitted with 
expected energy in a CU, measurement of its spectrum, 
experimental comparison to the case of a usual straight 
crystal, and finally demonstration that the crystalline 

undulator works. First experimental results are expected 
soon, subject to the schedule of our accelerators. 

EXPECTED PHOTON SPECTRUM 
The calculations of radiation intensity were carried out 

for the (Oil) plane of the silicon single crystal. It is 
obvious that only positrons under channeling conditions 
can emit the low frequency radiation in the periodic 
above-considered structure. Thus, the channeling 
radiation will take place for similar crystal structures. In 
general, radiation is characterized by dimensionless 
parameter [14] p = 2 y^ <Vp Vc^ where <VpV is the 
mean squared transversal velocity of the particle. For CU, 
<Vp >=<Vu > +< Vc^> if the curvature of trajectory is not 
large. Here <v^h- and <Vc^> are mean squared transversal 
velocities for undulator and channeling motion, 
correspondingly. 

When p < 1, the total radiation spectrum is a simple 
additive combination of the strictly undulator and 
channeling ones. The total spectrum will be the sum of 
contributions from mainly two basic frequencies of the 
both processes. When p » 1 one can expect that the 
spectrum will be similar to photon spectrum of 
synchrotron radiation. 

For p slightly more than 1, the radiation spectrum is 
complicated and consists of some peaks. The last case is 
more difficult for consideration. Besides, in CU, the 
dechanneling process and radiation of the above-barrier 
positrons is expected, and it is necessary to take into 
account their influence on photon spectrum. For 
calculations of the photon spectrum from 800 MeV 
positron beam we chose the period and amplitude of 
deformation of the silicon single crystal equal to 0.01 cm 
and 80 A, respectively; we expect to obtain these values 
in nearest future. 

Photon mena, MaV 

Flg.4 Expected photon spectrum for 800 MeV 
positrons in range (0 - 2.5) MeV (a) and (0 - 0.1) MeV 
(b). The dashed curve is for photon absorption in the 
body of undulator taken into account. Normalized on 
one positron incident within channeling angle. 
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When p is about or below 1, one can calculate the 
expected photon spectra for LNF experiment. 

Fig. 4 shows the calculated spectrum of photons 
radiated in CU for 800-MeV positrons. The maximum of 
the distribution corresponds to = 55 keV. Our calculations 
take into accoimt the following factors: 

1) channeling radiation and dechanneling process; 
2) finite length of the crystalline undulator, 0.1 cm; 
3) radiation of the above-barrier positrons; 
4) absorption of gamma-quanta in the undulator bulk 

(calculated in assumption that absorption in undulator is 
similar to that in amorphous silicon media [15]). 

The channeling radiation is computed in accordance 
with the paper [16] and these results are in a good 
agreement with experimental data [17]. Our calculations 
allow one to make the following conclusions concerning 
the photon spectrum. 

(a) Clear peak of the photon number one can observe in 
the range 30-60 keV. The sum of the photons within this 
peak is equal to approximately 20 % of all the photon 
spectrum (or 0.05 photons per positron). The major part 
of the photons owe to channeling radiation. These 
photons are distributed in the wide range (up to 2.5 MeV) 
and their spectral density (per MeV) is 5 times less than in 
the range where the imdulator photons are. 

(b) The influence of the finite length of the single 
crystal and the dechanneling process are crucial for the 
density and the form of the undulator photons' spectrum: 
the density decreased 1.5-2 times and the maximum of the 
distribution shifted from 61 keV to 55 keV. 

(c) The contribution of radiation of the above-barrier 
positrons is negligible, thereby a sophisticated collimation 
of the positron beam is not required. 

(d) The strong absorption process at energies < 30 KeV 
allows to obtain more monochromatic undulator photons. 

Positrons energies at IHEP accelerator ( beamline 4) 
are 2-15 GeV. In this case, p= 1. Our calculations were 
carried out for the (Oil) plane of a silicon single crystal. 
The thickness of the crystal undulator, amplitude and 
period of the deformations were 0.3 cm, 40 A and 0.015 
cm, respectively. The calculated number of photons in the 
range (100-600) keV is 0.15 per one positron passing 
through the crystalline undulator. 

At positron beam energies higher than 3 GeV and 
selected parameters of the crystal undulator the values of 
p > 1 are achieved and can run up to 100 (for energies 
10-15 GeV). For a usual imdulator this case was solved 
analytically [14]. However, for CU (where there are two 
practically independent frequencies of particle motion) 
finding an analogous solution is an important actual 
problem. More detailed information concerning the 
calculations will be published elsewhere. 

to produce intense X-rays of 10 to 1000 keV. Crystalline 
undulator would allow to generate photons with the 
energy on the order of 1 MeV at the synchrotron light 
sources where one has at the moment only 10 keV, and 
for this reason crystal imdulators have great prospects for 
application. 
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CONCLUSIONS 
Our studies on the creation and characterisation of the 

periodically deformed crystalline structures, and 
calculations of the expected photon spectra allow us to 
draw the conclusion that crystalline undulator will be able 
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PHOTOINJECTOR RF CAVITY DESIGN FOR HIGH POWER CW PEL* 

S.S. Kurennoy, D.L. Schrage, R.L. Wood, L.M. Young, LANL, Los Alamos, NM 87545, USA 
T. Schultheiss, V. Christina, J. Rathke, Advanced Energy Systems, Medford, NY 11763,'USA 

Abstract 
The project is under way to develop a key enabling 

technology for high-power CW PEL: an RF photoinjector 
capable of producing continuous average current greater 
than 100 mA. The specific aim is a ji-mode, normal- 
conducting RF photoinjector, 3 nC of bunch charge, 100 
mA of current (at 33.3-MHz bunch repetition rate) and 
emittance less than 10 mm-mrad. This level of 
performance will enable robust 100-kW-class PEL 
operation with electron beam energy <100 MeV, thereby 
reducing the size and cost of the PEL. This design is 
scalable to the MW power level by increasing the electron 
bunch repetition rate to a higher value. The major 
challenges are emittance control and high heat flux within 
the CW 700-MHz RF cavities. Results of RF cavity 
design and cooling schemes are presented, including both 
high-velocity water and liquid-nitrogen cooling options. 

INTRODUCTION 
For a MW-class FEL, a high-current emittance-compen- 

sated photoinjector is a key element. This paper presents 
results on the RF cavity design and cooling schemes for a 
demo 700-MHz RF photoinjector (PI) accelerating 100 
mA of the electron beam (3 nC per bunch at 33.3-MHz 
repetition rate) to above 5 MeV [1]. Further accelerating 
and focusing provides the transverse rms emittance below 
10 mm-mrad at the wiggler. The beam energy spread 
should be below 1% to allow the bunch compression 
down to 20 ps before the wiggler. The PI is designed to be 
scalable to higher beam currents, up to 1 A, by increasing 
the bunch repetition rate. To keep the beam emittances 
low, high electric-field gradients, especially near the 
photocathode, are needed, plus an external magnetic field 
to compensate space charge. However, the wall power 
losses increase as cavity fields squared, for a given cavity 
shape, leading to serious challenges for cavity coolmg and 
increasing the RF power required. Therefore, an optimal 
design must be a trade-off between the requirements of 
beam dynamics, RF power, and feasibility of the cavity 
thermal management. 

RF CAVITY 
We consider a («+l/2)-cell, 7i-mode RF structure, with 

cell-to-cell coupling of 0.03-0.05. A few options for the 
cell coupling have been studied [2], including magnetic 
coupling via slots and more conventional on-axis electric 
coupling through apertures. It was found that using slots 
provides effective structures with high shunt impedance, 
but leads to very high power-loss densities near the slots. 

* Supported by the DoD High Energy Laser Joint Technology Office 
through a contract from NAVSEA. 

As the result, the on-axis coupled cavity structure was 
chosen [2]. This structure has an additional advantage: its 
septa (cell-separating walls) are easier to cool than those 
with coupling slots. An emittance-compensating external 
solenoid, as well as a bucking coil that cancels its 
magnetic field near the cathode, have designs similar to 
those for the 1.3-GHz APEL [3]. Superfish-Poisson codes 
[4] have been used for 2D and the CST Micro Wave Studio 
(MWS) [5] for 3D electromagnetic calculations. Beam 
dynamics has been sunulated with Parmela [6] to select 
field configurations minimizing the emittance for a given 
cavity shape. We found that a long structure, «=6 or 7, is 
needed to achieve the beam energy of 5 MeV while 
keeping the heat flux manageable. However, fields in such 
a long cavity would be unstable, with a rather small mode 
separation. Our solution was to split the structure. The 
resuhing two-stage configuration consists of a 2.5-cell 
cavity with the accelerating gradient £^=1 MV/m (the PI 
proper) that brings the electron beam energy to 2.7 MeV, 
followed immediately by a conventional 4-cell booster 
with £0=4.5 MV/m, where the beam is accelerated to 5.5 
MeV. Results of Parmela simulations presented in Fig. 1 
confirm that this design satisfies all beam requirements. 

0-7803-7738-9/03/$17.00 © 2003 IEEE 

Figure 1: Results of Parmela simulations for the split PI. 

The wall power density in the 4-cell booster, due to its 
lower gradient, is below 35 W/cm^ so that its cooling will 
not present problems. The most challenging part of the PI 
is the 2.5-cell RF cavity. Its schematic, including cooling 
channels and RF tapered ridge-loaded waveguides, is 
shown in Fig. 2. With aperture radii of 65 mm and septum 
thickness of 20 mm, the cell coupling in the 2.5-cell 
structure is near 0.03, so that the 7t-mode at 700 MHz is 
well separated fi-om its nearest neighbors. The cavity 
design is a result of a few iterations made Avith Superfish 
(SF) and the MWS eigensolver, followed by a thermal 
analysis. SF runs were used to adjust the cavity radii to 
achieve a flat field distribution, which gives minimal 
emittances at the wiggler. MWS eigenmode computations 
included 3D effects, like frequency shifts due to vacuum 
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ports, RF couplers, or slug tuners. Time-domain 
simulations with MWS have been used to design and 
optimize the RF waveguide-cavity couplers [7]. 

see [7] for details. However, these hot spots are small and 
can be cooled efficiently using special cooling channels 
placed near the coupler iris in the tiiick cavity wall. 

Figure 2:2.5-cell RF cavity (center) with emittance- 
compensating magnets (left) and vacuum plenum (right). 

The electric field of the 7t-mode in the PI 2.5-cell RF 
cavity is shovra in Fig. 3 produced by MWS. The field 
magnitude corresponds to the MWS solver normalization 
of eigenmodes (the mode field energy is 1 J), so it should 
be scaled (by a factor of 2.38) to provide the required 
gradient of 7 MV/m. One can see how the field alternates 
its direction from one cell to the next one. The vacuum 
plenum (shown in front in Fig. 3) is not excited since its 
resonance frequency is much lower, at about 650 MHz. Its 
downstream wall will also house the laser window. 

7.3'tii«ee3 n/a 

\B.Ms,*mS VJm 

Figure 3: Electric field of 7i-mode in 2.5-cell PI RF cavity. 

Wall power densities have been calculated using both 
codes, SF and MWS. The surface current distribution 
inside the cavity is illustrated in Fig. 4. The same field 
scaling as in Fig. 3 is assumed. The highest power density 
is on the cell septa and particularly on the 1*' half-cell end 
wall (xy-plane), where it reaches slightly above 100 
W/cm^ for the nominal gradient £o=7 MV/m (Tab. 1). The 
power density increases even higher, above 200 W/cm^, 
near the RF couplers cormected to the 3"* cell (cf. Fig. 2), 

Figure 4: Surface current distribution for the Ji-mode. 

THERMAL MANAGEMENT 
The required high field operation of this cavity results 

in high RF losses on the surface. While cooling with 
liquid nitrogen (LN2) as opposed to water would lower the 
wall loads significantly (Tab. 1), the cost of a high- 
pressure liquid nitrogen system was prohibitive for the 
demonstration photoinjector. A high-pressure system 
ensures that boiling does not occur at these high heating 
rates. A forced flow / boiling cooling system, though 
cheaper, was considered too risky. Therefore, a water- 
cooled design was pursued. This design, with some tuning 
to adjust the frequency (e.g., with slug tuners in the 2"'' 
cell of the 2.5-cell cavity), would also work with high- 
pressure liquid nitrogen if desired. 

Table 1: RF losses at LN2 and room temperature 
LN2 Cooled Water Cooled 

Cathode Field (MV/m) 9.92 9.92 
Temperature (K) 77 293 (20C) 
Total Power (kW) 306. 786. 
Maximum Power Density (W/cm') 41.0 105. 
Structure Q (Includes cathode losses) 81800. 31800. 
NC Resistivity (mW-cm) .261 1.72 
QT/QRT (SUPERRSH) 2.57 1.0 

Segment Average Power Density (W/cm') 
Cell 1 (cathode) .309 .794 
Cell 1 end wall (outside cathode) 31.2 80.2 
Cell 1 Outer Wall 31.8 81.6 
Cell 1 Septum 1 wall 32.5 83.5 
Cell 1 Output Bore 4.09 10.5 

Cell 2 LE Septum wall 32.3 83.0 
Cell 2 Outer Wall 31.6 81.3 
Cell 2 HE Septum wall 32.5 83.4 
Cell 2 HE Bore 4.20 10.8 

Cell 3 Septum wall 28.0 71.9 
Cell 3 Outer Wall 29.6 76.2 
Cell 3 HE Septum wall 38.6 99.1 
Cell 3 HE Nose upper 36.0 92.5 
Cell 3 HE Nose lower 23.0 59.2 
Cell 3 HE Bore 9.42 24.4 
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About eight hundred kilowatts of RF power are 
deposited on the walls of the 2.5-cell cavity. This requires 
intricate cooling channels and a relatively large flow of 
cooling water. Cooling tubes for the cylindrical walls and 
cooling plenums for the septa can be seen in Fig. 2. Flow 
requirements that are based on RF heat loads at surface 
temperature are given in Tab. 2. 

Table 2: Flow requirements for 2.5-cell RF cavity 

Total RF ohmic loss* 823 kW 

Max surface heat flux* 112W/cm^ 

Water inlet temperature 20 C 

Coolant channel dimensions .100"x.l75" (2.5x4.5 mm) 

Flow rate 36 1/s at 5 m/s 

RF surface temperaUire 52 C 

Coolant channel surface temp. 46 C 

Pressure drop 15.8 psi within channel, 
50 psi overall 

Mean coolant outlet temp. 26 C 

An axisymmetric model of the cavity was developed 
using the finite element code ANSYS. RF loads were 
mapped on the surface of the model from Superfish output 
and modified based on the surface temperature. The 
resulting steady-state temperature distribution is shown in 
Fig. 5. The left cell is the half cell with the photocathode 
on the far left wall. The septa separating the cavity cells 
have simple shapes to allow for simple coolant channel 
design. The fourth cell (far right) is the non-resonant 
vacuum pumping cell. The RF losses are relatively small 
on this cell, so only limited cooling is required. 

ieinii»iuijiiiL    -MmoiMHmmcnt*) 

Water cooling 
Inlet temperature 20 C 
Applied model bulk temperature 24.5 C 
From 2-D model RF losses 823 kW 
(local temperature distribution) 

7 
Cooling of non-resonant 
cell designed such that 
thermal expansion nearly 
matches adjacent cell 

Temperature C 

-;.-4_ 29.C74 36.105 il  537 a^oriff 

Figure 5: Steady-state temperature distribution. 

The significant stresses generally occur between the 
heated RF surface and the cooling channels. GlidCop®, a 
dispersion strengthened copper, is used in the high stress 
regions throughout this cavity. It has a yield strength of 39 
ksi and provides significant margin for this design. The 
steady-state temperature distribution is subsequently 
mapped onto a structural finite element model using the 
same nodes and element connectivity as the thermal 
model. The resulting steady-state von Mises stress 
distribution is shovra in Fig. 6. 

The PI is designed to be a fully hydrogen furnace 
brazed structure. The core of the structure will be 
fabricated fi-om Glidcop® AL-15 v/iih some external 
elements made fi-om OFE copper and stainless steel. The 
double-ridged waveguide tapers are also made from 
Glidcop®. The majority of the complex machining 
required for the cooling channels will be done in the 
Glidcop® structures. They will then be copper plated to 
facilitate assembly by brazing. Final cuts on the inside 
diameter of the cells will be done to establish the desired 
field profile and frequency prior to stack brazing the 
cavity assembly. 

von Mises stress, psi 

11""" 3336 5488 7649 Jail 

Figure 6: Steady-state thermal stress distribution. 

CONCLUSIONS 
The presented design allows us to surpass the required 

beam parameters while addressing the key issue for a 
high-current normal conducting CW RF photoinjector, 
namely, an effective structure cooling. It provides a path 
forward to a very high power amplifier FEL. 

We plan to construct the full-power prototype, install it 
in the existing facilities at LANL, and to perform RF and 
thermal testing without beam in early 2005. Once the 
RF/thermal management with high heat flux has been 
demonstrated, the system will be upgraded to operate with 
electron beam, by adding a real photocathode and drive 
laser, a second RF power source, and a short beam line 
with a beam dump and appropriate diagnostics. 

REFERENCES 
[1] D.C. Nguyen, et al. "Developiiient of a CW, High-Average-Current 

700 MHz Photoinjector at Los Alamos", FEL 2002, Areonne IL 
2002. 

[2] S.S. Kurennoy, et al. "CW RF Cavity Design for High-Aveiage- 
Current Photoinjector for High Power FEL", ibid. 

[3] R.L. Sheffield, et al. NIM, A318 (1992) 282. 
[4] J.H. Billen, L.M. Young. Report LA-UR-96-1834, Los Alamos 1996 

(rev. 2002). 
[5] Microwave Studio, v.4.2. CST GmbH, www.cst.de. 
[6] L.M. Young, J.H. Billen. Report LA-UR-96-1835, Los Alamos 1996 

(rev. 2002). 
[7] S.S. Kurennoy, L.M. Young. "RF Coupler for High-Power CW FEL 

Photoinjector", these proceedings. 

922 



Proceedings of the 2003 Particle Accelerator Conference 

SIMULATION STUDIES OF A XUV/SOFT X-RAY HARMONIC-CASCADE 
FEL FOR THE PROPOSED LBNL RECIRCULATING LINCAC * 

W.M. Fawleyt, W.A. Barletta, J.N. Corlett, and A. Zholents, LBNL, Berkeley, CA 94720, USA 

Abstract 

Presently there is significant interest at LBNL in design- 
ing and building a facility for ultrafast (i.e. femtosecond 
time scale) x-ray science based upon a superconducting, 
recirculating RF linac (see [1] for more details). In addi- 
tion to producing synchrotron radiation pulses in the 1-15 
keV energy range, we are also considering adding one or 
more free-electron laser (FEL) beamlines using a harmonic 
cascade approach to produce coherent XUV & soft X-ray 
emission beginning with a strong input seed at ~ 200 nm 
wavelength obtained from a "conventional" laser. Each 
cascade is composed of a radiator together with a modula- 
tor section, separated by a magnetic chicane. The chicane 
temporally delays the electron beam pulse in order that a 
"virgin" pulse region (with undegraded energy spread) be 
brought into synchronism with the radiation pulse, which 
together then undergo FEL action in the modulator. We 
present various results obtained with the GINGER simula- 
tion code examining final output sensitivity to initial elec- 
tron beam parameters. We also discuss the effects of exter- 
nal laser noise and shot noise upon this particular cascade 
approach which can limit the final output coherence. 

INTRODUCTION 

In the past decade, there has been an increasingly strong 
interest in developing intense sources of tunable, coher- 
ent radiation at extreme ultraviolet and soft x-ray wave- 
lengths. While much of this effort has been concentrated 
on free-electron lasers (FELs) based upon the principle of 
self-amplified spontaneous emission (SASE), there is an al- 
ternative "harmonic cascade" FEL approach [2] [3] which 
begins with a temporally and transversely coherent input 
signal from a "conventional" laser in the ultraviolet re- 
gion {e.g. Xin ~ 240 nm). This input is then effectively 
frequency-upshifted via resonant electron-radiation inter- 
action in a series of FEL undulators to produce a short 
wavelength (e.g. A/ ~ 4nm) final signal with excellent 
transverse and temporal coherence. This approach re- 
lies upon the higher harmonic longitudinal microbunching 
which naturally accompanies strong microbunching at the 
fundamental wavelength of FEL resonance X^ = X^, x 
(1 -I- al,)/2j^. Here A^, is the undulator wavelength, 7 is 
the electron beam Lorentz factor, and a^ is the normalized 
RMS undulator strength parameter. 

Recently, Yu etal. [4] have reported successful re- 
sults from a one stage. High Gain Harmonic Generation 
(HGHG) experiment at BNL in which a seed laser was used 

* Work supported by the Director, Office of Science, U.S. Department 
of Energy under Contract No. DE-AC03-76SF00098. 
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to produce strong microbunching modulation at 800 nm 
followed by both strong coherent emission and accompa- 
nying FEL gain to saturation at the third harmonic wave- 
length of 266 nm. At LBNL we are interested in augment- 
ing the proposed LUX (Linac-based Ultrafast X-ray) facil- 
ity by a multi-stage, harmonic cascade FEL which would 
operate from UV to soft x-ray (i.e. 1.2 keV) photon ener- 
gies. Each cascade stage would consist of a "modulator" 
undulator plus achromatic bend/dispersive section, which 
strongly microbunches a short portion (e.g. 200 fs) of the 
electron beam, followed by a "radiator" undulator whose 
resonant wavelength is tuned to an integral harmonic of the 
preceding modulator resonance. 

By exploiting the ps- or better timing synchronization 
possible with the recirculating linac configuration of LUX, 
we will adapt the "fresh beam" idea of Ben-Zvi et al. [5] by 
placing a delay chicane following each radiator undulator. 
This ensures that a "virgin" e-beam section, lying closer to 
the pulse head with electrons whose instantaneous energy 
spread has not been increased by FEL interaction in the up- 
stream modulators, will be brought into temporal synchro- 
nism with the radiation pulse. Importantly, both this delay 
and the use of high radiation power in the modulators (a 
GW-class seed laser for the first and 100+ MW-class coher- 
ent spontaneous emission (CSE) for the subsequent modu- 
lators) produces sufficient microbunching in the low gain 
regime, thus permitting quite short undulator lengths (typ- 
ically < 1.5Lgain). This design philosophy[6] is different 
from that studied by Saldin et al. [7] who had to limit the 
amount of induced energy spread in each modulator which 
thus required the use of high gain radiators. High input 
power to each modulator also helps alleviate the problem 
of noise growth accumulating from stage to stage which 
otherwise can degrade the output longimdinal coherence at 
short wavelengths. 

BASIC CASCADE PERFORMANCE 

Here we describe a present design of a FEL harmonic 
cascade system for LUX. We use reasonably conservative 
electron beam parameters: 2.5 GeV energy with a uni- 
form (7E = ±200 keV, 500 A current (InC in 2ps), and 
27rmm-mrad normalized emittance. The external laser 
seed has 1GW power and is presumed to be fully tun- 
able over the wavelength range 190 - 250 nm. Using time- 
steady (i.e. monochromatic) simulations with the GINGER 
code[8], we designed and partially optimized a 4-stage har- 
monic cascade reaching from 240-nm down to 1-nm wave- 
length. The undulator and dispersive section parameters 
are displayed in Table I. The FEL parameter p strongly 
decreases after the 48-nm stage while the effective nor- 
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Table 1. Undulator Parameters for a Sample 4-Stage Harmonic Cascade for LUX 

A. 
(nm) (mm) 

Ou, 

(T) 
FELp L^(m) TsUp (fs) Pout (MW) (bi) ■Rse 

(/im) rad. mod. rad. mod. rad. mod. rad. mod. 
240 120 9.69 1.22 2.3 xlO-3 — 3.6 — 24.0 — 1000   0.21 11.3 
48 75 5.43 1.10 2.4 xlO-3 4.0 6.0 8.5 12.8 345 395 0.36 0.22 4.9 
12 40 3.65 1.38 1.2 xlO-3 6.0 5.0 6.0 5.0 113 121 0.16 0.19 2.8 
4 30 2.32 1.17 7.6 xlO-4 5.0 4.0 2.2 1.8 139 142 0.27 0.18 0.4 
1 25 0.96 0.58 4.1 xlQ-^ 8.0 — 1.1 — 11 — 0.07 — ~ 

s 

: 

0.8 1 
Input Power (GW) 

Figure 1: Sensitivity of output power from 4-nm and 1-nm 
radiator stages to external laser input power at 240 nm. 

100       150       200       250       300       350       400       450       500 
Instantaneous Energy Spread (keV) 

Figure 2: Output power sensitivity to energy spread. 
18 
16 P e 1 nm     D 
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-0.0015 -0.001 -0.0005 0 
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Figure 3: Output power sensitivity to energy offset. 

malized energy spread corresponding to transverse emit- 
tance increases from 7.5 x IQ-^ in the 48-nm radiator to 
7.5 X 10"'* in the 1-nm radiator. This last increase strongly 
exceeds p with the consequence of reduced radiation emis- 
sion due to longitudinal debunching. 

The two columns listed under (6i) refer to the aver- 
age/output microbunching parameter at the fundamental 
wavelength for each radiator/modulator, respectively. Our 
basic philosophy was to make each modulator sufSciendy 
long that (6i) approached 0.2 at which point the next few 
higher harmonics typically have (6M> between 0.002 and 
0.02. Each dispersive section immediately downstream 
raises the microbunching approximately 10-fold for the de- 

sired harmonic resonant in the following radiator. Figures 
1 through 3 show the sensitivity of output power from the 
4- and 1 -nm radiators to various input parameters. By oper- 
ating in the low gain regime and by optimizing the disper- 
sion sections's strengths to a particular input power. Pout 
appears relatively insensitive to Pj„. This insensitivity also 
applies in part to input noise fluctuations in amplitude (see 
the next section). 

NOISE GROWTH 
It has long been known that up-conversion to harmonic 

M of a signal containing phase noise will in general in- 
crease the noise level of the output power by a factor M^; 
when considering output field amplitude or phase, the rele- 
vant scaling is M^ Previous studies of FEL harmonic cas- 
cades [6] [7] have shown that similar scaling can apply in 
the high-gain limit for amplitude noise {i.e. a time-varying 
E in Eq.l) although the latter reference has pointed out 
that the scaling is much weaker than M^ in the high power, 
low-gain limit, where 9 log (6)/9 log J < 1. 

With the exception of temporal slippage effects, it ap- 
pears virtually impossible to escape the power law de- 
pendency upon M. Slippage results in a given electron 
slice interacting with a temporal radiation region TgUp = 
(L^/Xw) X Xg/c which helps filter out the highest tempo- 
ral frequency components from dcp/dt. Here (/> refers to the 
slowly varying phase in the eikonal approximation: 

E{x, t) = E{x, t) X exp [i {koz - uiot + 4>{x, t)) ]    (1) 

Figure 4 shows the evolution of the phase noise level 
in a series of GINGER runs for which die initial 240- 
nm input laser signal had either broad-band electric field 
phase or amplitude noise at a level equivalent to 22mrad 
rms per 240-nm wavelength superimposed upon a constant 
base signal. The output phase noise level (after removal of 
{d^/dt) which corresponds to a simple frequency offset) 
is plotted at the end of each radiator stage. For the 48-nm 
stage {ie. M = 5), we show a second point which corre- 
sponds to the phase noise level near die beginning of the 
radiator; die decrease in noise level between the beginning 
and end of the 48-nm radiator illustrates the filtering effects 
of slippage. 

At least three conclusions can be drawn from diis figure 
(and close inspection of die actual d<f)/dt curves): 
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Figure 4: Residual rms phase noise d(j)/dt following re- 
moval of the mean value at various harmonic stages for a 
LUX cascade initiated with pure phase/amplitude noise on 
the external seed laser. 

(1) For the first two stages, slippage acts as a low- 
pass filter and suppresses overall noise growth. 

(2) Eventually, phase noise components with 
small frequency offsets from WQ (i.e. with longi- 
tudinal scale lengths > cTsUp » AQ) dominate 
and together with their M^ growth scaling. The 
slope on the log-log plot in Fig. 4 for M > 10 is 
« 1.0 as expected. 

(3) For our low-gain, high input power design, 
broad-band noise distributed purely in ampli- 
tude is much less important than that distributed 
purely in phase. In the initial cascade stages, 
amplitude noise partially converts to phase noise 
which then becomes dominant and with the ex- 
pected power law scaling in the later stages. 

We also examined the evolution of shot noise in the har- 
monic cascade. Due to the "fresh-beam" design and to slip- 
page effects in the first two stages, the noise level remains 
small and is only of order 10 kW in the final 1-nm stage, 
less than one-thousandth the coherent output signal. Con- 
sequently, despite the 240 x increase in harmonic number, 
noise growth in this design may not significantly degrade 
output coherence down to wavelengths as short as 1 nm. 

SHORT PULSE EVOLUTION 

Some user applications may require output radiation 
pulse durations much shorter than the nominal « 200 fs 
adopted in our sample design. For a high gain EEL cascade 
initiated with a Gaussian temporal profile, Saldin et al. [7] 
have predicted that the rms radiation pulse duration will 
tend to shrink by a factor \/M from one stage to the next. 
However, as shown in Fig. 1, our high power, low gain 
design is less sensitive to input power variations and one 
expects less shrinkage. Moreover, in the extreme limit 
where the radiation pulse duration is quite short, one ex- 
pects that slippage effects will place a lower limit on the 
output pulse duration from each stage. To study these phe- 
nomena, we initiated a LUX cascade with a Gaussian pulse 
with o-j = 5fs (11.2-fs FWHM) and examined the down- 
stream P{t). The GINGER simulations were done in full 
time-dependent mode and included shot noise effects. In 
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Figure 5: Predicted P{t) profiles at different stages for a 
LUX cascade initiated with a Gaussian profile pulse with 
a 5-fs RMS duration. Each curve has been scaled by the 
indicated factor to fit on the plot. 

order to obtain sufficient energy modulation in the first 
stage, the peak input power was increased to 2.5 GW from 
the nominal time-steady value of 1.0 GW. Figure 5 shows 
the output power profiles from each radiator stage. The 
FWHM temporal duration first increases to « 15 fs at 48 
nm, presumably because TsHp = 24 fs, but then shrinks 
back to a nearly constant « 11 fs in the next 3 stages, in 
strong contrast to the scaling observed in [7]. Since the 
slippage is less than 3 fs in the 4- and 1-nm sUges, the lack 
of additional pulse shrinkage must be due to high power ef- 
fects. Some noise modulation appears on the 1-nm output 
P{t) but it remains nearly completely temporally coherent. 

SUMMARY 

Our preliminary simulation results show that a XUV/soft 
x-ray FEL built upon the principle of a harmonic cas- 
cade will greatly enhance the proposed LBL LUX facil- 
ity by providing coherent radiation in the < IkeV energy 
range. Future studies, which will include additional realis- 
tic effects such as undulator errors, electron beam transport 
optics, etc., can help further determine the reality of the 
promise of a multi-stage harmonic cascade for LUX. 
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INTRODUCTION 

The most demanding requirement for future FELs in the 
x-ray regime [2,3] is the generation of a sufficiently small 
transverse electron emittance. To mitigate this problem, 
ideas have been proposed to 'condition' an electron beam 
by increasing each particle's energy in proportion to the 
square of its betatron amplitude [1, 4]. This conditioning 
enhances FEL gain by reducing the axial velocity spread 
within the electron bunch. We present a new conditioning 
scheme using solenoid magnets, which looks promising. 
But a strong head-tail focusing variation arises, as in [1]. 
We quantify the resulting 'projected' (bunch-length inte- 
grated) emittance growth, relating it directly to the FEL pa- 
rameters. We then present a general symplectic beam con- 
ditioner and show the unavoidable relation between condi- 
tioning and projected transverse emittance growth. 

FEL BEAM CONDITIONING 
Electron beam conditioning, as proposed in [1], in- 

creases each particle's energy in proportion to the square of 
its betatron amplitude. A particle with high energy travels 
a shorter path in an undulator (increased mean axial veloc- 
ity), while a large betatron amplitude delays a particle by 
lengdiening its path through the undulator [5]. The condi- 
tioning correlation establishes a cancellation of these two 
effects, resulting in a reduction of the axial velocity spread, 
enhancing the FEL gain. The energy conditioning require- 
ment, for natural undulator focusing, can be written as [1] 

47u Pu ^r 
(1) 

where (5„(< J„) is the non-conditioned component of the 
particle's relative energy deviation, 7„ is the electron en- 
ergy in the undulator (in units of rest mass), eiv(= 7„e) is 
the normalized rms transverse emittance (equal in x and y), 
Pu{= /?x = Py) is the constant beta-function in the undu- 
lator, A„ is the undulator period, A^ is the FEL radiation 
wavelength, and r is the invariant normalized 4D betatron 
amplitude of the particle, 

In a general case, the conditioning might be performed 
at low energy where the bunch is still relatively long. For 
short wavelength FELs, the bunch is compressed and ac- 
celerated after the injector. Both effects scale the condi- 
tioning, but in the absence of mixing, do not alter its corre- 
lation. Acceleration from 70 to 7„ ('energy' in undulator) 
reduces the conditioned relative energy spread, while com- 
pression from an initial bunch-length, a^g, to a shorter final 
bunch-length, a^^, amplifies the conditioning. The relative 
energy deviation, S, at the location of the conditioner, be- 
fore acceleration and compression, must then be scaled by 
the acceleration and compression factors: 

J = 
^zo 7o 

r    .     1   CAT Au   2 

47« Pu K 
(3) 

^2 ^ ^^ + {Puxr + y^ + (Puy') 
Pue 

,/\2 
(2) 

The betatron amplitude, r, is expressed in terms of a par- 
ticle's transverse positions, x and y, and angles, x' and y', 
with natural focusing where a^ = ay = 0. A conditioner 
beamline is designed to imprint this 6u ~ r^ correlation 
within the electron bunch, with coefficient given in Eq. (1). 

A ONE-PHASE SOLENOID 
CONDITIONER 

As an example conditioner, and to show the limitations 
of conditioners, we describe here a simplified system com- 
posed of a solenoid magnet and RF accelerating sections. 
The conditioner is composed of a solenoid magnet sand- 
wiched between two RF accelerating sections operated at 
opposing zero-crossing phases. (A similar idea was pro- 
posed at the end of reference [4].) The first RF section 
'chirps' the energy along the bunch, and the final sec- 
tion removes the chirp. The conditioning is generated in 
the solenoid by the delay of particles with large ampli- 
tudes in x and y. The solenoid strength is set to pro- 
duce a +1 linear transfer matrix in 6D with the relation 
\k\L = mrin = 1,2,3,...), where k = \B^/{Bp), L 
is the solenoid length, B^ is its axial magnetic field, and 
{Bp) is the standard magnetic rigidity (= po/e). The parti- 
cle coordinates within the bunch at the entrance to the sys- 
tem are (XQ, X'Q, yo, y'Q,zo, SQ), where SQ = Ap/po, and we 
assume these variables are initially uncorrelated and have 
zero mean. For simplicity, we use a cylindrically symmet- 
ric beam with initial Twiss parameters: jS^ = Py = p, 
and ax = ay = 0. The Twiss parameters are unchanged, 
to 1**-order, across the solenoid and across each 'thin' RF 
section. The electrons are assumed to be ultra-relativistic. 

The first RF section changes the relative energy devia- 
tion of a particle to: 61 = SQ + hiZo, where hi is the 
linear RF-induced slope (h = dS/dz). For simplicity, 
the RF sections are treated as thin elements which do not 
alter the transverse coordinates. After the solenoid, the 
coordinates are unchanged to 1«*-order, but a chromatic 
2"<^-order aberration is added to the angles with Ax' = 
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'2T2i6XoiSo + hizo) and Ay' = 2T4362/o(^o + hizo). All 
other 2""^-order transverse aberrations are small in com- 
parison for the case: \k\l3 > 1, \k\L = mr [6]. 

The energy is not changed in the solenoid, but the par- 
ticle is delayed by the helical trajectory according to zi = 
zo + T^iixl + T^zzvl (bunch head at z > 0). Similarly, all 
other 2°'*-order longitudinal aberrations are small for the 
case \k\p > 1. The 2°<^-order coefficients of a solenoid 
with \k\L = n-ir are related to each other by: Tgn = 
^533 = -7216 = -T436 = —k^L/2 [6], which, as shown 
in section , is an unavoidable connection for symplectic 
systems. The final RF section, /12, changes the energy ac- 
cordingto<5 = Si+h2Zi « {hi+h2)zo-^k'^Lh2{xl+y^). 
The second chirp is chosen equal and opposite to the first, 
hi = —h2 = h, and the final coordinate map across the 
conditioner, to second order and for | (5o | < | /i2o I. becomes 

=   XQ,        X' = X'Q + k^LhzQXQ, 

S    = 

zo - -k^L{xl + yl), 

6o + -k^Lh{xl+yl), (4) 

with similar relations in y and y'. The final energy devi- 
ation, S, is clearly conditioned (for ft > 0) in both planes 
but in only one betatron phase (i.e., XQ, but not X'Q). This 
system provides spatial (but not angular) conditioning de- 
scribed by 

5o + -k^LhPeor^., ^2 ^ ^0 + ^0 (5) 

Two solenoids can also be used, separated by a 7r/2- 
transformer to condition both betatron phases, but here we 
simplify the description by considering only a one-phase 
conditioner. 

The bunch-length coordinate, z, m Eqs. (4) also includes 
a non-linear distortion due to the solenoid delay of large 
amplitude particles. This can easily be removed, without 
changing the energy conditioning, by adding a four-dipole 
chicane with R^Q = 1/h > 0, after the final RF section. 

ENERGY CONDITIONING AND 
TRANSVERSE EMITTANCE GROWTH 

The conditioning coefficient in Eq. (3) can be equated to 
that in Eq. (5) producing the conditioning requirement for 
the solenoid system 

k^LhPa^ 1 K f^zf 
2 AT  PU 

= a, (6) 

where the solenoid-conditioner parameters are on the left 
side and the PEL parameters are on the right, and here we 
define the dimensionless conditioning coefficient, a. In the 
typical case of a short wavelength PEL, the conditioning 
parameter a is large, a > 1, (see table below). 

The chirp parameter, h, is related it to the rms relative 
energy spread in the solenoids by: as,^ « l^k^o. showing 

parameter sym LCLS VISA unit 
und. energy/mc^ 7« 28000 140 
undulator period A„ 3 1.8 cm 
rad. wavelength A, 1.5 8500 A 
und. /3x,y Pu 72 0.6 m 
und. bunch length (T,f 24 100 ^m 
conditioning coef a 33 1.8 

the transverse aberrations in Eqs. (4) as chromatic (Ji « 
hzo), which we now quantify as an projected transverse 
emittance growth. The rms emittance after the solenoid is 

el = {{x - x)^){{x' - ^f) - {{x - x){x' - -^)f . (7) 

The mean values, x = {x), and x' = {x') are zero since 
the initial coordinates are uncorrelated and have zero mean. 
The correlation {xx') is zero for the same reasons, so the 
x-emittance after the solenoid is: 

el = {x'){x")^el,[l + {k'Lhl3a,J^], (8) 

where e^o = {xl)/l3 = {x'^)P, and o-f^ = (z^), with a 
similar form in y. The relative emittance growth after the 
solenoid is 

-^ « k'^LhPa^a = a > 1, (9) 

which is identical to the conditioning relation in Eq. (6), 
providing a direct connection between transverse emittance 
growth and PEL conditioning requirements. 

For parameters of the LCLS [2] shown in Table 1 (using 
a beta function for natural focusing, to be consistent with 
Eq. 1), the relative emittance growth is extremely large at 
Cx/cxo ~ 33. The parameters for the VISA EEL [7] are 
also included showing that conditioning may still be pos- 
sible at longer wavelengths. This growth is actually an 
increase of the 'projected' transverse emittance integrated 
over the bunch length. The second line of Eq. (4) shows 
that the bunch head (ZQ > 0) is de-focused (equating: 
k'^Lhzo = 1//), while the bunch tail (ZQ < 0) is focused. 

With a chirped energy spread, the chromatic effects 
of the solenoid are equivalent to the effects of an RF- 
quadrupole (RFQ). It is interesting to compare this result 
with that of reference [1], where a completely different 
conditioner beamline, employing transverse RF cavities, 
produced an undesirable RFQ effect. In fact, as shown 
in the next section, FEL beam conditioning in a symplec- 
tic beamline always produces an undesirable RFQ-effect, 
which is extremely large for short wavelength FELs, as 
given in Eq. (9). 

A GENERAL CONDITIONER 

We will now show that the transverse emittance growth 
associated with conditioning is not related to the specific 
design outlined in the previous section, but is a general 
feature of any conditioner, and is due to the symplectic- 
ity of the map between the entrance to and exit from the 
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conditioner. To simplify consideration, we assume that the 
conditioner does not introduce coupling between the verti- 
cal and horizontal planes, and consider only the horizontal 
plane with the initial values of coordinates (XQ, X'Q) at the 
entrance, and the final values (a;, x') at the exit. Consid- 
eration of the vertical coordinates y, y' can be carried out 
analogously to x, x'. We will also assume that the initial 
and final values of the longitudinal coordinate are the same: 
z = ZQ. Instead of using the variables XQ, X'Q and x, x', it 
is convenient and more general to introduce new variables 
Wo. VQ, and u, v, such that 

where the matrices Qo and Q are 

Qo = — (   ' W'^'V^l^ )■ 
(11) 

with po, oiQ and 0, a the Twiss parameters at the entrance 
and exit of the conditioner, respectively. Being symplectic 
Unear transformations, Q and Qo conserve the symplectic- 
ity of the map from (UQ, VQ) to (u, v). Note, that in linear 
approximation this map has a form 

OK COS 1p 

— sin ip 
sinV' 
cosV) )(:)• 

(12) 

with V the betatron phase advance across the condi- 
tioner. Also note that the contribution of the ^-coordinate 
a;o/(/3«o) to the parameter r in Eq. (5) is equal to ug/eo, 
and the conditioning requirement Eq. (5) can be written as 

S = 6o + -bul, (13) 

where b = a/a^a, and the conditioning constant a is given 
byEq.(6). 

To derive a general symplectic map which in linear ap- 
proximation reduces to the linear map Eq. (12) and also 
includes the conditioning given by Eq. (13), we will use 
a method of generating functions [8]. We choose a gener- 
ating fimction which depends on initial coordinates Uo and 
zo and final momenta v and 5, F{uo,zo,v, 6). The map is 
defined by the relations 

■vo 
dF 
duo 

j.      dF dF dF 
ozo dv d6 

(14) 

In paraxial approximation all coordinates and momenta are 
considered small and we can expand F in a Taylor se- 
ries. The linear terms in this expansion vanish because 
zero initial coordinates and momenta map to zero final 
ones. The expansion begins from the second order terms 
F fa F2 + F3 + ... , where F2 is a quadratic, and F3 is a 
cubic function of the coordinates and momenta. The func- 
tion F2 should generate the linear map Eq. (12) for uandv 
with a unit transformation for z and S—a direct calculation 
shows that 

^2 = -ziul + v^) tan V- -I- UQVsecxp + 5za .       (15) 

The fimction F3 generates 2"^^-order abberations in the sys- 
tem, out of which we choose only a term responsible for the 
conditioning: 

Fz = -^hzoul. (16) 

Indeed, using the second of Eqs. (14) with Eqs. (15) and 
(16) we find 5a = 5-\hul,in agreement with Eq. (13). 
At the same time the first and the third of Eqs. (14) yield 
VQ =uota.n'il} + vsecilj — bzoUo,u = vtantj^ + uosecip. 
These equations can be easily solved for u and v. 

u   =   «o cos V' -I- '^o sin ^ -|- bzoUo sin tp, 

V    =    -uosintl> + voCOsi]}-\-bzoUocastl}.   (17) 

We emphasize here that the same term in the symplectic 
map Eq. (16) that is responsible for the conditioning of the 
beam also introduces in Eq. (17) the transverse deflection 
that varies along the bunch. This also means that adding a 
system that 'fixes' this deflection downstream of the condi- 
tioner would inevitably remove the conditioning itself. 

To calculate the emittance increase of the beam due to 
the conditioning we use Eq. (7) for the emittance, with u = 
S = 0, we find el = {u^)(v^) - {uv)"^. Substituting the 
map, Eqs. (17), into this yields 

e2=e2^(l + 6V^J=eyi+a2), (18) 

in agreement with Eq. (8), but now in a general case with 
arbitrary phase advance, ij), and non-zero initial alpha func- 
tion, ao- For the specific conditioner described above, we 
have i> = 2n7r, ^ = /3, ao = a = 0, and Eqs. (17) 
reproduce the first two of Eqs. (4). 

CONCLUSIONS 

We have demonstrated for a general one-phase condi- 
tioner that a strong head-tail focusing variation always ac- 
companies the energy conditioning correlation, and that 
this focusing variation is set solely by the PEL parame- 
ters, and not the conditioner. A two-phase conditioner is 
more complicated, but does not qualitatively change the ar- 
guments presented here. 

This work was supported by the Department of Energy, 
contract DE-AC03-76SF00515. 
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Abstract 
The infrared beamline at the Aladdin electron storage 

ring utilizes edge radiation for spectromicroscopy. For 
wavelengths of 0.8-16 \im, computations indicate that 
-20% of the collected radiation is transported through the 
microscope. Transverse oscillations of the electron beam 
cause oscillations in microscope throughput that account 
for about one-third of the beamline's zero-burst noise. 

1 BEAMLINE THROUGHPUT 
The Aladdin infrared (IR) microspectroscopy beamline 

[1] transmits and detects radiation at wavelengths of 0.8- 
16 \ira. The lower end of this range is determined by 
transmission of a KBr beam splitter substrate, while the 
upper end results from the detector response. To study its 
performance with our low-emittance electron beam [2], 
we model our beamline with the SRW code [3]. We 
neglect flat mirrors and treat focusing mirrors as ideal thin 
lenses, as shown in Fig. 1. The source is edge radiation 
from a 200 mA, 800 MeV electron beam traversing a 
straight section of length L = 3 m, terminated by 1.28 T 
bending magnets. The bending magnet fringe field length 
is 108 mm, while the entrance aperture is at distance R = 
1.5 m from the edge-radiation source at the downstream 
end of the straight section. For our beamline, a l-^im 
source translation causes a B.l-jxm translation and 
6.6-^rad deflection of the photon beam at the microscope 
entrance. 

In transmission mode, the microscope is expected to 
admit and focus an annulus of collimated radiation with 
outer diameter of 7 mm and inner diameter of 3.5 mm. In 
our model, we assume that all radiation admitted by the 
microscope is transmitted through it. 

The SRW code computes emittance effects for an 
electron beam that undergoes no focusing. Since the 
Aladdin 3-m straight section contains two quadrupole 
magnets near its midpoint, an approximate description is 
necessary. One approach is to consider an electron beam 
with constant size (a„ Oy) = (200 tun, 100 |im). This 
method approximately describes the low-emittance beam 
size throughout the straight section, while neglecting its 
divergence, which is smaller than the IR-radiation 
opening angle. Another approach is to specify the lattice 
functions at the downstream end of the straight section to 
model the beam size and divergence downstream of the 
quadrupoles, while misrepresenting the upstream half of 
the straight section. We obtained similar results with both 
approaches, and show modeling of a constant beam size. 

Figure 2 displays flux computations at wavelengths X of 
1 and 10 [im. At the entrance aperture, a flux of 2-3xl0" 
photons/s-0.1% bandwidth is obtained for wavelengths of 
0.8-16 ^m. Wavelengths exceeding ~1 (jm form an 
asymmetric hollow ring with radius of ~[Aij(/?+L)/L]"^. 
At the microscope entrance, the collimated photon beam 
forms an asymmetric hollow ring with radius of ~(A.D)"^, 
where D = 6 m is the length of the collimated photon 
beam. These radii equal the diffraction-limited sizes of 
near-field edge radiation and a collimated photon beam. 

In contrast, SRW modeling of a source of ordinary 
synchrotron radiation (located 1.5 m from the entrance 
aperture) shows radiation bands at the top and bottom of 
the entrance aperture, and a 30 mm x 20 mm rectangle of 
collimated radiation at the microscope. While radiation 
from an edge-radiation source is transported to the 
microscope quite effectively at wavelengths of 0.8-16 
^m, the beamline greatly overfills the microscope when 
used with ordinary synchrotron radiation. 

At a representative wavelength of 3 |jm, edge radiation 
provides 77% more flux into the entrance aperture than 
synchrotron radiation. When best aligned for X = 3 nm, 
the microscope admits 20% of the edge radiation incident 
upon the entrance aperture, but only 5% of the ordinary 
synchrotron radiation. For our beamline, edge radiation is 
computed to increase the 3-(xm flux through the 
microscope by a factor of seven. 

By computing the flux distribution for several 
wavelengths, the distribution of power in the wavelength 
range of 0.8-16 tmi was computed at the microscope 
entrance plane. Figure 3(a) shows the power admitted by 
the microscope versus photon beam position (i.e., optical 
axis position with respect to the microscope). In the 
wavelength range of 0.8-16 |im, the power collected by 
the entrance aperture is 5.7 mW. When best aligned, the 
microscope admits  18% of this collected power.    In 

e-beam 

/ \ 
1.5 m- •■1.225111- 

(Bl C (D 
0.6141    I   0.242875 

* Work supported by NSF grant DMR-0084402. 
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Figure 1. The IR source is a 3-m straight section of 
the electron storage ring. Beamline components are: 
A. Entrance aperture, 30.5 mm hor. x 22.3 mm vert. 
B. Focusing lens, focal length = 459 mm, diameter = 

76.2 mm. 
C. Diamond window, diameter =10 mm. 
D. Collimating lens, focal length = 305 mm, diameter 

= 50.8 mm. 
E. Entrance of the IR microscope. 
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contrast, the microscope admits only -5% of the collected 
power in this wavelength range from a source of ordinary 
synchrotron radiation. 

For a given photon beam position, dividing the slope in 
Fig. 3(a) by the admitted power gives the relative 
sensitivity to a horizontal change in photon-beam 
position. For photon-beam positions of -0.7, -1.4, or 
-3.6 mm, the slope is zero, giving "optimal" horizontal 
alignment in which the admitted power is insensitive to a 
small horizontal motion of the photon beam. 

(a) 10-f 

5- 

~       0- 

> -5- 

-lOmm ~ 

(b) M 
5- 

•=        0- 

-10 0 lOmm 
Horizontal Position 

> -5- 

-lOmm — 

-10 0 lOmm 
Horizontal Position 

(c) 

u > 
-lOmm 

-10mm 0 10 
Horizontal Position 

-10mm 0 10 

Horizontal Position 

Figure 2. Infrared edge radiation modeled by SRW. 
(a) X = 1 i^m at the entrance aperture. 
(b) X = 10 [im at the entrance aperture. 
(c) A, = 1 Jim at the entrance of the microscope. 
(d) X = 10 Jim at the entrance of the microscope. 

When the microscope is operated in reflection mode, it 
is expected to admit radiation in the upper half of the 
annulus admitted by transmission mode. For an optimal 
horizontal photon beam position of -3.6 mm. Fig. 3(b) 
shows the computed power in transmission and reflection 
modes. With optimal vertical alignment for transmission 
mode, the reflection-mode sensitivity to a vertical photon 
beam motion is 0.013%/nm. When using a single 
alignment for both modes, one mode is computed to have 
a vertical sensitivity of 0.01-0.02%/(jm. 

Experimentally, we maximized the zero-burst signal 
(which measures power through the microscope) by 
translating the electron beam from its standard position by 
-540 um horizontally and -190 |xm vertically. The 
associated change in photon beam position is -1.7 mm 
horizontal and -0.6 mm vertical. The zero burst increased 
15%, while the flux increased by > 8% for wavelengths of 
0.8-16 (im. Figure 4 shows the zero-burst signal as the 
electron beam was translated. The difference between 
Figs. 3 and 4 may result from the wavelength dependence 
of optical elements and detector, uncertainty in the photon 
beam position, lens aberrations, and additional apertures. 

2IR BEAMLINE NOISE 
The Aladdin IR beamline is adversely affected by 

motion of the electron beam at audio frequencies [4]. The 

-10 -5 0 5 10 
photon beam horizontal position (mm) 

(b) 1.5 

1.0 

I 0.5 

0.0 

1 •                         1 
transmission mode 

 reflection mode 

/ 

-\ »*= 
-10 -5 0 5 

photon beam vertical position (mm) 
10 

Figure 3. Computation of power admitted by the 
microscope for wavelengths of 0.8-16 jun. 
(a) Transmission-mode power versus horizontal 

photon beam position, where the vertical photon 
beam position equals zero. 

(b) Transmission-mode and reflection-mode power 
versus vertical photon beam position, where the 
horizontal photon beam position equals -3.6 mm. 
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zero-burst signal variation is in the range of 0.15-0.25% 
rms. A portion of this variation may be caused by 
transverse motion of the electron beam. 

The transverse electron motion is dominated by a 60-Hz 
oscillation in which the horizontal and vertical positions 
vary by ~1 [xmrms; the oscillation of the beam's direction 
of propagation is unknown. The motion is comparable in 
horizontal and vertical directions, in non-equivalent 
bending magnets, and with high- and low-emittance 
beams. This suggests that a large portion of the 60-Hz 
oscillation is caused by the electromagnetic field of ripple 
current penetrating the vacuum chamber [5]. 

For the standard electron beam position, the horizontal 
sensitivity to photon beam motion from Fig. 4 is 
~0.01%/^m and the vertical sensitivity is ~0.02%/|.mi. 
Electron-beam oscillations of ~1 |am rms are expected to 
cause photon-beam oscillations of ~3.1 ^.m rms, causing a 
zero-burst variation of -0.06% rms, about one-third of its 
measured value. Translating the electron beam to 
maximize the zero-burst signal (giving optimal aUgnment) 
reduced the zero-burst variation by 23%. 

A subsequent realignment of the microscope and 
interferometer increased the zero-burst signal in 
transmission mode by 20% while achieving a reflection- 
mode signal equal to one-half of that in transmission 
mode. With this aUgnment, the transmission mode signal 
was 20% below the maximum achievable. According to 
Fig. 4(b), the transmission-mode sensitivity to a vertical 
photon beam translation is ~0.03%/\mi when the zero 

-10 -5 0 5 
photon beam horizontal position (mm) 

10 

-5 0 5 
photon beam vertical position (mm) 

10 

Figure 4. Zero-burst voltage in transmission mode as 
the photon beam is scanned (a) horizontally and (b) 
vertically through the position of maximum zero burst. 
For the standard electron beam position, the photon 
beam is at (0,0). 

burst is 20% below maximum. The expected zero-burst 
variation caused by transverse motion of the electron 
beam is -0.09% rms, about 50% larger than before the 
realignment. Consistent with this expectation, the 
realignment increased the zero-burst variation by 21% in 
transmission mode. This zero-burst variation is 60% 
larger than that observed when the electron beam was 
translated to achieve optimal transmission-mode 
alignment, suggesting that about one-third of the zero- 
burst noise arises from transverse electron-beam motion. 
Oscillations of the electron-beam size and longitudinal 
bunch positions, as well as detector background, may also 
contribute to the zero-burst noise. 

At frequencies » 100 Hz, beam motion is primarily 
driven by radiofrequency (RF) system noise [5]. For 
these frequencies, the noise spectrum of a detector on the 
IR beamline is similar to that of the electron beam's 
longitudinal phase, peaking at the 3-4 kHz frequencies of 
Robinson modes [6]. We have recently installed a crystal 
master oscillator from Wenzel Associates and improved 
the common-mode rejection and high frequency filtering 
of the RF system. This has reduced RF noise by 20-30 
dB. Noise at frequencies around 3 kHz has been reduced 
an additional 20 dB by feedback that damps oscillations 
of the bunch centroids [6]. These reductions of RF noise 
greatly improve the IR beamline performance, but have 
only a small effect on the zero-burst signal variation. This 
indicates the limitation in using the zero-burst signal 
variation to characterize the beamline's performance. 

3 SUMMARY 
For wavelengths of 0.8-16 [un, SRW computations 

indicate that -20% of the collected edge radiation is 
transported through the microscope. Experiments and 
modeling suggest that about one-third of the IR zero-burst 
noise in transmission mode is caused by 60-Hz transverse 
oscillations of the electron beam. Since a single 
naicroscope alignment is used for both transmission and 
reflection modes, this noise was not reduced by 
realignment. Modifications to the RF system have 
reduced noise in the 1-6 kHz range by 20-40 dB, gready 
improving IR beamline performance. 

REFERENCES 

[1] T. E. May, R. A. Bosch and R. L. Julian, in Proc. 
1999 PAC (IEEE, Piscataway, NJ, 1999), p. 2394. 

[2] J. J. Bisognano, R. A. Bosch, D. E. Eisert, M. A. 
Green, K. J. Kleman and W. S. Trzeciak, in Proc. 
2001 PAC (IEEE, Piscataway, NJ, 2001), p. 2671. 

[3] O. Chubar and P. Elleaume, in Proc. Sixth European 
PAC aOP, Bristol, 1998), p. 1177. 

[4] R. A. Bosch and R. L. Julian, Rev. Sci. Instrum. 73, 
1420 (2002). 

[5]   R.   Biscardi,   G.   Ramirez,   G.   P.   Williams   and 
C. Zimba, Rev. Sci. Instrum. 66,1856 (1995). 

[6] R. A. Bosch, K. J. Kleman and J. J. Bisognano, 
"Robinson modes at Aladdin," these proceedings. 

931 



Proceedings of the 2003 Particle Accelerator Conference 

PERIODIC ION CHANNEL LASER* 
R. A. Bosch, Synchrotron Radiation Center, University of Wisconsin-Madison, 

3731 Schneider Dr., Stoughton, WI53589, USA 

Abstract 
Radially polarized radiation is amplified by a free 

electron laser (PEL) in which the undulator is an ion 
channel with periodic density To ensure stable beam 
propagation, the undulator period is much shorter than the 
betatron wavelength. The gain at a given distance from 
the axis equals that of a planar magnetostatic undulator 
with the same quiver velocity. When an ultrarelativistic 
electron beam propagates in a periodic ion density of 
10"-10" cm"', a short-wavelength PEL may be obtained. 

1 INTRODUCTION 
When a round electron beam propagates in an ion 

channel whose density varies periodically [1], the 
electrons undergo forced radial oscillations in addition to 
damped betatron oscillations [2]. A periodic ion channel 
undulator may be created by ionizing a periodic gas 
density [1] or by using a modulated ion beam [2, 3], and 
may have application as an PEL [4]. 

A periodic ion channel PEL is similar to a non-periodic 
ion channel laser [5, 6] in that no magnetic field is 
required, while benefiting from forced transverse 
oscillations similar to those in a magnetostatic undulator 
PEL with ion channel guiding [7, 8, 9]. In contrast to an 
ion ripple laser where oblique propagation through a 
periodic ion density causes a periodic beam deflection 
[101, we consider propagation in the direction of the 
periodic density gradient. In this case, lasing results from 
periodic focusing rather than a periodic beam deflection. 

We calculate amplification of a radially polarized wave 
by a periodic ion channel PEL for a cold beam in the low- 
gain-per-pass limit. To ensure stable beam propagation, 
we consider the case where the undulator period is much 
shorter than the betatron wavelength [2,II]. 

2 RADIAL MOTION 
To riiodel "force" bunching [6], radiation is included in 

the transverse dynamics. We consider an undulator, in 
which an electron's velocity deviates by less than the 
angle l/Py from the axis, where y is the beam's relativistic 
factor and p > 0 is the beam velocity divided by the speed 
of light c. In an undulator, the electron motion is non- 
relativistic in the frame of reference moving with the 
beam as it enters the undulator, so we calculate the 
dynamics in this frame, which is related to the laboratory 
frame by YH and Pj. a„ = 

Consider a periodic ion channel undulator with entrance 
at ziab = 0, whose density is given in the laboratory frame     with    ln) = {\lnr 
(i.e., the frame where ions are stationary) for Zinj > 0 by 

>^i-lab(r,Zlab) = nQ-iabir) + ni-faiCOcOSC^^.j^jZ^,,,) ,     (I) 
where ziab and r are axial and radial coordinates, while 
K-iab>Q is the undulator wave number equaling In 
divided by the undulator period X„.faj. When the 
undulator period greatly exceeds the beam radius, the 
ions' electric field in the laboratory is mosdy radial [1], 
given     by     Gauss's     law     in     SI     units     as 

\-ennn,)W_,,^{r\zu,h)'^nr'dr'^   where   e   <   0   is   the 
Jo 

electron charge and EO is the permittivity of free space. In 
the frame moving with the beam's axial velocity as it 
enters the undulator, the radial electric field from the ion 
channel is increased by the factor Y|| [12], giving [2] 

£„(r,z,f) = (-e/2jir£o) 

f f 1     (2) 
\Mr')2nr'dr'-i-    ni{r')2m-'dr'cos(,k„z + aj) . 
•0 Jo 

Here, z is the axial coordinate, no(r) = Y||no.fai(7-), ni(r) = 
Y||«i-/«z.('-), k^ = YiiK.iab and (a„ = Y||P||C^H.-;«i- The magnetic 
field in the e-beam frame is in the azimuthal (<j)) direction, 
with <t)-component B„ = -P||£H,/C. The axial electric field 
in the beam frame equals that in the laboratory; it is 
therefore negligible for Yy» I. 

Por a radially polarized wave traveling forward, the 
radial electric field in the low-gain-per-pass limit is 

E, (r, z,t)=E^ ir)cos{k, z - (o,r+$ J (3) 
The azimuthal magnetic field Br equals Er/c, with wave 
number kr > 0, phase ^r, and frequency co^ = ckr > 0. 

The radial electron motion consists of forced 
oscillations from the undulator and radiation E-fields, in 
addition to damped betatron oscillations from mismatched 
injection [2]. Por brevity, we will suppress the 
dependence of functions upon r in our notation. In the 
case where the undulator period is short compared to the 
betafron wavelength [(o„ » (Op = (jiae^lt^f^, where m is 
the electron mass], we consider a small injection 
mismatch so that betatron oscillations are negligible. The 
radial velocity of an electron at radius r with constant 
axial velocity « c is the sum of an undulation with quiver 
velocity [2] 

Vy,[z,t) = -a^csm{k„z + fiij), 
and a forced oscillation from the radiation 

V, {z,t) = a^c sin(fe,z -Vi^t + if^). 
Here, a„ obeys 

(4) 

(5) 

e'(ni)r  _    e\n,_i,^)r 

l\ ni(,r')2nr'dr'    (and   similarly 

(6) 

for 
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< «i-;o6>), while a^ = -eEJmc(iir- Since /t„ = (i\,/P||C in 
eq. (4), the undulation wavelength in the laboratory is 
independent of the electron's axial velocity. 
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Any axial velocity function may be approximated to 
arbitrary accuracy by constant-velocity segments, so that 
eqs. (4)-(6) also apply when the axial velocity is not 
constant. Since v„ = 0 at the undulator entrance, a 
matched beam has P = P|| and y = Y||. Our assumption of 
nonrelativistic electron velocities in the beam frame 
requires a„ « 1. 

3 AXIAL MOTION 
To describe "inertial" bunching, radiation is included in 

the axial dynamics [6]. An electron whose initial axial 

position z is 0 and radius is r obeys, to lowest order in the 
radiation field 

''^z     «      n      «      „ 
dt       m m 

+—v.B. (7) 

where radius = r on the right hand side (RHS). The 
solution with initial conditions z(0) = dz/dt{0) = 0 is the 
sum of three functions describing radiation-independent 
axial motion, inertial bunching, and force bunching. The 
radiation-independent motion obeys d\/dt^ = (e/m)v„B„ 
where z ~ Vot on the RHS of the equation, with Vo 
equaling the average axial velocity in the undulator. The 
solution with initial conditions Zo(0) = dZo/dt(P) = 0 is 

{nQ){sm&j-&j) 

^oW = -^ (8) 

where w^ =a)^(l + Vo/pc) is the undulator frequency 

experienced by an electron with axial velocity VQ. 

Equation (8) gives the average axial velocity as 

v„=-£^L^l (9) 

The inertial bunching term [6] results from the axial 
radiation force on an electron, obeying d^z\ldt^ = 
(e/m)v^Br where z = ZoW on the RHS.   For d„ « 1, 

approximating Zo(t) -Voton the RHS for the fundamental 
PEL mode gives the solution with initial conditions zi (0) 
= dzi/dt(0)=:0: 

^i« = 
ea^,E„ 

2m 

sin(co+/ - (t)r) + sin ^^ - (0+/ cos 0^ 

sin(co_/ + (])r) - sin (j)^ - wj cos ^^ 
(10) 

where m^=&„+ti)^ and (o_=d)^-M^, in which 

Mr -o)r(l-Vo/c) is the radiation frequency experienced 

by an electron with axial velocity Vo. Since the 
undulation wavelength in the laboratory is independent of 
the electron's axial velocity, the inertial bunching is also 
called "axial" bunching [6]. 

The force bunching term [6] results from the transverse 
radiation force on an electron, obeying d^Zildt^ = 
(e/m)VrB„ where z ~ Zo(t) on the RHS.   For a^ « 1, 

approximating Zo(t) -Voton the RHS for the fundamental 
FEL mode gives the solution with initial conditions Zf (0) 
= dzf/dm = 0: 

f(0 = 

2{no)[sin(K),r-(t)J+sin(]),-M,<cos(t)J 

^e\r ^ (ni)[sin((0+f-(|),)+ sin(t), -a3+«cos(t)r] 

4meo 

(ni}[sin(a)_? + ^^)- sincl)^ - (0_f cos(t)J 

[                           «-' 

(11) 

For effective amplification of radiation, COL « (0+ , so that 

Pco„ 2m 

sin(co_f + (|)f) - sin ^^ - (0_f cos ^,. 
2 co_ 

(12) 
Because the undulator field is periodic, the inertial 
bunching and force bunching are nearly equal for an 
ultrarelativistic e-beam when co_ «(0+. 

4 GAIN 
The change in an electron's energy from interaction 

with the radiation obeys 
dz        ^ ^ 
— = ev^E,+ev„E^ (13) 

where v^, v„ and Er are evaluated at radius r and the axial 
position z(t) calculated in the previous section. The 
change in an average electron's energy is given by 
averaging over the phase of the radiation ^r ■ To order 
Eo^, the first term on the RHS does not contribute to this 

average, so that for a„^(l+8<no >/<«! >)«8 

{dE/dt)^^={ev„E,)^^« 

(zcos(t),)^^ 

+ (zsin0,). 

- ea„cE, 
- [k^ cos 0)_/ + k_ cos (o+r) (14) 

—-—- (t+ sin (HJ - k_ sin (H+t) 

where k^ =k„+k, and k_=k„-k,. Equation (12) gives 

[zcos^A.   = ^—^-—^—'^S^ ^ ° (sin(oj -<o_t) 
^r 4mco_ 

/   •  j. \        (l + Pw„/(o.)ea„£. / ,v 
(15) 

4/nco_ 

where for P = 1,1+Pci3„,/C0r = 2/(l+vJc). 

Let Ae = f (de/dt)^ dt be the average energy change 

per electron from interacting with radiation. Here, T is 
the undulator fransit time, obeying &^T = 2nN with 

integer or half-integer N equaling the number of undulator 
periods. For (0_ «co+ and y » 1, eqs. (14) and (15) give 

Ae = 
-e £„ a„ck^T 2 - 2 cos m_r - (0_r sin o)_r (16) 

4m(l + Vo/c) 

In the beam frame, the number of electrons passing 
through the undulator within a transverse area Ao during a 

time to is ngAa^cta, so that the energy transferred to the 

forward wave is -rieAj^ctatsz, where n^ is the electron 
density. The time-averaged Poynting vector of the 

radiation is < 5 > = tacEoll, with energy density < S >lc. 

Since the relative velocity between the forward wave and 
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undulator is (1+P)c, the electromagnetic energy passing 
through the undulator is (<5>/c)(l+P)cfoAo. The 
radiation energy gain per pass at radius r therefore obeys 

(5)(l + p)fA    ll + Pj 
Equations (16) and (17) give for y » 1 

nAz 
e E^ 

gam 2-2 cos co_r - ci)_r sin a_T 
mjT' 

(17) 

.(18) 

In the laboratory frame, the maximum transverse 
velocity divided by c is obtained from the radial and axial 
velocities in the beam frame when |v„| is largest: 

ft       - Sit. (19) 
Y     y[l-(a,'/2)(I + 2{«o)/(«i))] 

where a„ is the wiggler parameter. The gain at radius r is 
given to lowest order in the wiggler parameter a„ as 

2 - 2cos ffl_7' - o)_r sin w_r 
2 2        3 

Imz^c^y^ (co_rf 
(20) 

where n,.,„t is the e-beam density, (0„,./„6 = Pc)t„.,„ft is the 
angular frequency of electron undulations, and Lyb is the 
undulator length measured in the laboratory frame. Here, 

«-^ = \-K-iab{^ + Vo l<:)-K-iab{^ - Vo lc)l2y^]cTi„^ (21) 
where r,„j = L/^j/Pc is the undulator transit time and kr-M 
is the radiation wave number in the laboratory. For 
optimal amplification, (0_r= 2.61 [4], so that for N » 1, 
Y » 1 and a„ « 1, maximum gain occurs for 

"r-lab 
2y%. ■lab (22) 

l + ^l^L+^Wd^ 
2 t      {ni-u,b) 

When nuuibir) and no.u,b(r) are proportional to l/r and 
fie-hbir) is independent of r, the electron quiver velocity, 
gain, and wavelength at which maximum gain occurs are 
independent of r, giving ideal undulator performance. For 
an ultrarelativistic beam, the gain equals that of a planar 
magnetostatic undulator with the same quiver velocity 
[13], while the wavelength experiencing maximum gain is 
modified because < no.faj> 5t 0 in eq. (22). 

5 APPLICATION 
To maximize FEL gain while minimizing the ion 

density, a strong undulator with «„, = 1 at the beam radius 
and a strongly modulated ion channel with nuab(r) = 
rk>-iabi.r) may be utilized. To ensure stable propagation, we 
consider an undulator period much shorter than the 
betatron wavelength [2, 11]. The ion density required for 
a„, = 1 is given by eq. (6). For a relativistic e-beam, a 
periodic ion density < ni.,„b> of 3.5xl0" cm^^ is required 
for a beam radius n of 1 cm and X„.;«i = 10 cm, while 
<ni-/«j.> = 3.5x10" cm"' is required for rj = 1 mm and 
X„.i„i, = 1 cm. A periodic density of < «!.,„;,> = 3.5xl0'^ 
cm-' is required for rj = 100 jun and X„.,„t = 1 mm, while 
<ni-;oi.> = 3.5x10'^ cm' is required for r^ = 10 nm and 
X„.(o4 = 100 \im. In all cases, the undulator period is much 
shorter than the betatron wavelength for y » 3. 

One method of obtaining a periodic ion channel is to 
create a periodic plasma channel by ionizing a periodic 
gas density [1]. When an e-beam propagates in the 
channel, the plasma electrons are expelled, provided that 
the electron beam density exceeds the peak ion density. 
For a strongly modulated ion channel, this requires a 
beam current exceeding (17 kA)(A^.(„6 7-6)P^a^. For the 
above examples, the beam current must exceed 11 kA. 
The parameters for rj = 1 cm are comparable to those of a 
magnetostatic X-band FEL with ion channel guiding [7], 
suggesting that a periodic plasma channel FEL may be 
operated in the ion-focusing regime. 

When a strongly modulated ion beam is used as a 
channel, the electron beam density may be smaller than 
that of the ions, since ejection of plasma electrons is not 
required. Transporting ions out of the FEL within an ion 
bounce period may limit the ion hose instability [3]. 

6 SUMMARY 
A cold electron beam propagating in a periodic ion 

channel amplifies radially polarized radiation. When the 
undulator period is much shorter than the betatron 
wavelength, the gain at a given distance from the axis 
equals that of a planar magnetostatic undulator with the 
same quiver velocity. Our analysis suggests that an X- 
band FEL may operate in the ion-focusing regime when 
an electron beam expels plasma electrons from plasma 
with periodic density. When an ultrarelativistic electron 
beam propagates in a periodic ion channel with density of 
10 -10' cm"', a short-wavelength FEL may be obtained. 
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Abstract 
The amplification of radiation is calculated in the beam 

frame for a free electron laser (PEL) with a planar or 
helical undulator. The effect of the radiation force upon 
the transverse electron trajectory is included; this effect 
accounts for one-half of the gain in the undulator regime. 
Our calculated gain agrees with conventional formulas. 

1 INTRODUCTION 
In some PEL derivations, the effect of the radiation 

force upon the transverse electron motion ("force 
bunching" [1]) is neglected. When force bunching is 
neglected, using a standard method for calculating the 
axial velocity yields conventional gain formulas [1], while 
an alternative method yields one-half of the conventional 
gain [2]. Thus, it is inconsistent to assume that force 
bunching is negligible in an PEL [2]. 

We calculate PEL gain in the low-gain-per-pass 
undulator regime, performing our analysis in the frame of 
reference moving with the electron beam. In this frame, 
force bunching is easily included. We show that force 
bunching accounts for one-half of the bunching and gain 
in the undulator regime. Por planar and helical 
undulators, our calculated gain agrees with conventional 
expressions, in which the helical gain is twice as large as 
the planar gain for a given wiggler parameter [3]. 

2 TRANSVERSE MOTION 
Por amplification of a weak radiation field by an 

ultrarelativistic beam, we include radiation in the 
transverse dynamics to model "force" bunching [1]. We 
first consider a planar undulator, in which an electron's 
velocity deviates by less than the angle l/Py from the z- 
axis, where y » 1 is the relativistic factor for the beam 
and P = 1 is the velocity divided by the speed of light c. 
In an undulator, the electron motion is non-relativistic in 
the frame of reference moving with the beam as it enters 
the undulator, so we calculate the dynamics in this frame 
using SI units. The relativistic factor and velocity 
describing this frame are denoted Y|| and Pyc. 

The undulator field appears in this frame as linearly 
polarized radiation traveling in the negative-z direction, 
with electric field in the jc-direction 

E^{z,t)=E^co%{k„z + (aJ) (1) 

The undulator magnetic field By^ equals -E^lc, where C0;„ 
= p||cA:„, = ckyj > 0. The undulator entrance obeys k^+(i)j 
= 0. 

The radiation field is also linearly polarized, traveling 

in the z-direction, with 

E,^{z,t) = E^ cos.{k,z - (0,/ + (|),) (2) 

and magnetic field fi^y = E^lc, where (o^ = ck^ > 0. 
Consider an electron with constant axial velocity v^. 

The forced transverse oscillation from the undulator obeys 

d^xldt^ = (e/mXl + v,/c)£^(z(O,0 (3) 
where e < 0 is the electron charge and m is its mass. The 
undulation velocity is therefore 

v^{z,t) = -a^csm{k„z + (iij), (4) 
where 

K=-eE„alm(3i„c (5) 

Similarly, the forced transverse oscillation velocity from 
the radiation is 

Vrx{z,t) = a^c&m{k^z-<Art + fy,), (6) 
where 

a^ = -e^ro Ifna^c (7) 
Any axial velocity function may be approximated to 
arbitrary accuracy by constant-velocity segments, so that 
eqs. (4)-(7) also apply when the axial velocity is not 
constant. Since v^ = 0 at the undulator entrance, a 
matched beam flows parallel to the axis with Y|| = Y- Our 
assumption of non-relativistic velocities requires a^ « 1. 

3 AXIAL MOTION 
To describe "inertial" bunching, we include radiation in 

the axial dynamics [1]. An electron whose initial axial 
position 2 is 0 obeys, to lowest order in the radiation field 

d z _ e      D       ^      o      ^     D 
dt      m m m 

(8) 

* Work supported by NSF grant DMR-0084402 

The solution with z(0) = dz/dt(0) = 0 is the sum of three 
functions describing radiation-independent axial motion, 
inertial bunching, and force bunching. The radiation- 
independent motion obeys d^Zoldt^ = (e/in)Vy„B^ where z 
= Voton the right hand side (RHS) of the equation, with Vo 
equaling the average axial velocity in the undulator. The 
solution with Zo(0) = dzo/dt(0) = 0 is 

Zoit) = ~^W° (sin2co^ -2&j) , (9) 
8OTCO„ 

where   &„=(S)^{l + v„/c)   is   the   undulator   frequency 

experienced by an electron with axial velocity VQ . Por a„ 

« 1, equation (9) gives the average axial velocity as 

v„ = -aJc/4 (10) 

Inertial bunching [1] results from the axial radiation 
force on an electron, obeying d%/dt^ = (e/m)Vy^Bry 
where z = Zo (0 on the RHS of the equation. Por a^ « 1, 

approximating Zo (t) = vj on the RHS for the fundamental 
PEL mode gives the solution with z, (0) = dzi/dt(0) = 0 

bosch @ src.wisc.edu 
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2m 

%\n{(i)^t - 0r) + sin if^ - (a^t cos (1)^ 

CO/ 

sin (co J + (!)r) - sin (|)r - co_f cos fy. 

CO 

(11) 

where co+=63^+00, and co_=cb„-M,, in which 

cbr -tO;.(l-Vo/c) is the radiation frequency experienced 

by an electron with axial velocity Vo. Since the 
undulation wavelength in the laboratory is independent of 
the electron's axial velocity, the inertial bunching is also 
called "axial" bunching [1]. 

Force bunching [1] resuUs from the transverse radiation 
force on an electron, obeying d\ldt'^ = (e/m)v,^B^ 
where z~Zo (t) on the RHS of the equation. For a^ « 1, 

approximating z„ (0 = v^; on the RHS for the fundamental 
FEL mode gives the solution with Zf (0) = dzf/dt(0) = 0 

sin(co^.? - (|)r)+sin 0^ - co+f cos ^^ 

z,{t) = ^rE.'> 
2m 

co^ 

sin(co_f + (|) J - sin (|)^ -* CO J cos ([)r 
(12) 

For effective amplification of radiation, (0_ «(0+, so that 

Zi(0=—Zf 
CO, 

it) 
- aM^,ca, sin(co_f+ (|)J-sin0^ -co_fcos(!)r 

2 co_ 

In the penodic undulator field, inertial bunching and force 
bunching are nearly equal when co_ « co+. 

4 GAIN 
The change in an electron's energy from interaction 

with the radiation obeys 

(14) 

where v„, v„^ and E„ are evaluated at the axial position 
z(0 calculated in the previous section. The change in an 
average electron's energy is given by averaging over the 
phase of the radiation ^,. To order Ero^, the first term on 
the RHS does not contribute to this average, so that for 

" «8 a„, 

(zcos(t),) 

H(zsin(l),), 

 7——\K cosco_/ + k_ cosco+f) 

ea„,c£„ 

(15) 

■ (k+ sin co_/ - k_ sin co+/) 

where K = ky, + kr and k_ = k„-kr. Equation (13) gives 

(zcos^,)^^ = 

(zsin^,)    = 

1 + ^ 
CO, 

1 + 
CO, 

'^(sinco_f-co_n 

—" ™(cosco_f-l) 

(16) 

4mco_ 

where 1+co^co, = 2/(1- aj- /4) for co. «co^.. 

Let AE = J  (de/dt)^ dt be the average energy change 

per electron from interacting with radiation.   Here, T is 

the undulator transit time, obeying &^T = 2TIN with 

integer or half-integer A^ equaling the number of undulator 
periods. Then, for co_ «co+, eqs. (15) and (16) give 

AE = 
2 - 2 cos co_r - co_r sin co_r .(17) 

AmO-aJ-IA) 

In the beam frame, the number of electrons passing 
through the undulator within a transverse area Ao during a 
time to is n^AoPcfo, so that the energy transferred to the 
forward wave is -HeAoPcfoAe, where n^ is the electi-on 
density. The time-averaged Poynting vector of the 
radiation is < 5 > = ^^EJ-12, with energy density < 5 >lc. 
Since the relative velocity between the forward wave and 
undulator is (1+P)c = 2c, the elecfromagnetic energy 
passing through the undulator is (< S >/c)(l+P)cfoAo. The 
radiation energy gain per pass therefore obeys 

gain=- -n,A„Prt„Ae ^ r-2p'j n,Ae 

{5)(l + p)fA~ll + pJe„£„^ 

E^juations (17) and (18) give for P = 1 

gam = 
n,e\ca„V 2 - 2 cos co.r - co_r sin co.r 

co>' 

(18) 

(19) 
4/ne„(l-a^2/4) 

In the laboratory frame, the maximum transverse 
velocity divided by c is obtained from the transverse and 
axial velocities in the beam frame when \v„^ | is largest: 

?>L-iab =a^h''a„/[y(l- a^^/2)], (20) 

where fl„ is the wiggler parameter.  The gain is given in 
the laboratory to lowest order in a^: 

2 - 2 cos co_r - co_r sin co_r 
2 2        3 

.3..3 
2meoC Y (co-r/ 

(21) 

where He-iat is the e-beam density, C0H,-;„t = ck„.ua, is the 
angular undulation frequency, and L,„i is the undulator 
length, all measured in the laboratory frame. Here, 

«-r = [^w„6(l-«w'/4)-V;«i,a + a.'/4)/2Y2]cr^j (22) 

where Tiah = Li„i,/c is the undulator transit time and kr.iab is 
the radiation wave number in the laboratory. For optimal 
amplification, co_r = 2.61, so that for // » 1, y » 1 and 
a„«l, maximum gain occurs for 

kr-lab " 2Y%-iab Kl + aj 12) . (23) 
For a„ « 1, the gain is twice as large as that resulting 

from inertial bunching alone. 

5 HELICALUNDULATOR 
Consider a helical undulator in the frame of reference 

moving with a matched beam's axial velocity at the 
undulator entrance. Equations (l)-(7) are supplemented 
by equations describing radiation with y-polarization and 
motion in the y-direction. The additional undulator 
electric field is 

£,^(z,0=£„oCos(fe„z + co^ + ji/2), (24) 

witii additional magnetic undulator field By,^ = Ey^lc. 

£ry(z,?) =£roCOs(fc,Z-CO,f + (I)^-7t/2) (25) 

describes the additional radiation whose magnetic field is 
B„ = -Erylc. The undulation velocity in the y-direction is 
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v^iz,t) = -a„c co^{k„z + (oj), (26) 

while the forced transverse oscillation velocity from the 
radiation in the y-direction is 

Vry{z,t) = -a^c cos{k^z -(O^f + (>J, (27) 

Since v^, v^ 0 at the helical undulator entrance (where 
ky^+(Oj = 0), a matched beam has Yy < Y- 

The axial motion of an electron whose initial axial 
position z is 0 obeys, to lowest order in the radiation field 

The solution with initial conditions z(0) = dz/dt(P) = 0 is 
the sum of three fimctions describing radiation- 
independent axial motion, inertial bunching, and force 
bunching. The radiation-independent motion obeys 
d ZoJdt = (e/m)(y^Byty - v^B^^) where z ~ Vot on the 
RHS, with Vo equaling the average axial velocity in the 
undulator. The solution with Zo(0) = dzo/dt(0) = 0 is 

Zo(')=0, (29) 
indicating that the average axial velocity VQ is zero. 

The inertial bunching term obeys dhi/dt^ = 
(,e/m)(v„^Bry - v^BJ where z = 0 on the RHS. The 
solution with Zi(0) = dzi/dt(0) = 0 is 

Zi(') = ^"'*' ?[sm{(>}j + (|)^)-sin(t), -(o_/cos<|),]       (30) 
mco_ 

where a)_ = COH. - (Or. 
The force bunching term obeys d^Zf/dt^ = 

{elm)(yrxBy^-VryB„^) where z = 0 on the RHS. The 
solution with Zf (0) = dzf/dtiO) = 0 is 

Zf (t) =    '' 7 [sin((o_? + 0j- sincj)^ -(ojcos<t)J ■     (31) 
OTCO_ 

Thus, 

Zi (f) = —^ Zf (f) = -a,a„m, 
CO, 

sin(o)_f + (|>r)- sin ^^ - ajcos ^^ 

co_ 

(32) 
Since co^/cOr = 1 for M_ « (0+ =(0^^+ (Hr, force bunching 
accounts for one-half of the bunching. 

To order E„ 
{de/dt).   =(ev^^£„ + ev^£^\ 

= -ea^cE^kJ cos(0_f(zcos(|)^V   -sinw.f^zsiiKl)^), 

where k+ = k„ + k^ and 

(33) 

(zcos*,). 

(zsin^,)^_=|l + 2^ 

1 + ^ eay,E„ / 

2mm J- 
sin mj -(0_?) 

(34) 

2m(0_ 
-^-1) 

The average energy change per electron when 0)_ « (0+ is 

AE 
_    e^Eja„\k^T^^ 2 - 2 cos co_T - co_r sin co_7 

m_h' 
. (35) 

For a helical FEL, the time-averaged Poynting vector of 
the radiation is <S> = EocEro^, with energy density 
< 5 >/c. Since the relative velocity between the forward 
wave and undulator is (l+p)c, the electromagnetic energy 
passing through the undulator is (< S >/c)(l+P)cfoAo. The 
radiation energy gain per pass therefore obeys 

n.Ae 

(5)(l + p)/A    U + Pj 
Equations (35) and (36) give for P = 1 

gain = ■ 
2/ne„ 

2 - 2 cos co_r - co_r sin w_T 
(OJT' 

(36) 

(37) 

In the laboratory frame, the transverse velocity divided 
by cobeys 

^i-iab = a^fy = a^'y\\ (38) 

where a„ is the wiggler parameter and Y is the relativistic 
factor for the beam. Using the relation I/YH^ = (l+a;„^)/Y^ 
we obtain the gain to lowest order in a„ 

where 

^e-Iab^ ^w-lab^vi hah 2-2cosm_r-(o rsinco T 
me^cy [                i^-Tf                \ 

(^-T = [*„_,„, - k,_^ a + a^^)/2y^ ]cT„, 
mum gain occurs for 

kr-iai-^y' K-iai'a + a^^) ■ 

(39) 

(40) 

(41) 
The gain is twice as large as that from inertial bunching 
alone, and twice as large as that of a planar FEL with the 
same wiggler parameter. Our gain expression agrees with 
the conventional expression for a helical FEL [1]. 

6 SUMMARY 
For planar and helical FELs, we have calculated the 

gain in the beam frame in the low-gain-per-pass undulator 
limit. Inertial and force bunching give equal contributions 
to the gain in the undulator regime. For planar and helical 
undulators, our calculated gain agrees with conventional 
expressions in which the helical gain is twice as large as 
the planar gain for a given wiggler parameter. 
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SUB-PICOSECOND, HIGH FLUX, THOMSON X-RAY SOURCES 
AT JEFFERSON LAB'S HIGH POWER FEL* 

James R. Boyce^ David R. Douglas, Hiroyuki Toyokawa, Thomas Jefferson National Accelerator 
Facility, Newport News, VA 23606, USA 

Winthrop J. Brown, Fred Hartemann, LLNL, Livermore, CA 94550, USA 

Abstract 
With the advent of high average power FELs, the idea 

of using such a device to produce x-rays via the Thomson 
scattering process is appealing, if sufficient flux and/or 
brightness can be generated. Such x-rays are produced 
simultaneously with FEL light, offering unprecedented 
opportunities for pump-probe studies. We discuss non- 
invasive modifications to the Jefferson Lab's FEL that 
would meet the criteria of high flux, sub-picosecond, x- 
ray source. One allows proof-of-principle experiments, is 
relatively inexpensive, but is not conducive as a "User- 
facility." Another is a User facility configuration but 
requires FEL facility modifications. For all sources, we 
present Thomson scattering flux calculations and potential 
applications. 

INTRODUCTION 
Atomic vibrations in crystals occur on femtosecond time 

scales. In order to image motion in that temporal regime, 
one needs a stroboscopic source of x-rays capable of 
generating crystallographic images in the same time 
fi-ame. This requires pulses of x-rays of high brightness 
and shorter than a few hundred femtoseconds. Electron 
beam technology in the form of synchrotrons provides x- 
rays of high enough brightness for "snapshots" of fi-ozen 
protein crystal structures - for example - but because the 
x-rays are nanoseconds in length, these sources cannot 
make the "molecular movies" required for understanding 
the molecular dynamics of such crystals. Progress in 
electron beam generation and control systems over the 
past 15 years has yielded several possible means of 
shortening x-ray pulses by three or four orders of 
magnitude, but these sources have yet to be bright 
enough. [1-4] Simultaneously generating both high 
bnghtness AND short pulses is a technological challenge. 

CM 2 

The advent of high power Laser technology, has led to 
exploring the feasibility of using Thomson scattering off 
of very short, high energy, electron bunches to produce 
the desired x-ray sources. [5] Significant 300 femtosecond 
Thomson x-ray fluxes fi-om the 2 kilo-Watt IR FEL at 
Jefferson Lab, predicted by Krafft [6] and measured by 
Boyce [7], demonstrate the feasibility of such approaches 
to generating pulses of x-rays with both high flux and 
femtosecond pulse length. 

The Jefferson Lab FEL is currently being upgraded to a 
10 kW IR and 1 kW UV capabilities. In this paper we 
present concepts and supporting calculations for expected 
Thomson scattering x-ray beams resulting fi-om such 
increase in lasing power with the upgrade FEL 
configuration. 

JLAB FEL FACILITY 
Jefferson Lab's high average power (10 kW) FEL 

facility, described elsewhere [8], is in commissioning. 
When complete, it will have the capability of producing 
10 kW of IR light and 1 kW of UV. It is based on the first 
Jefferson Lab's FEL which used superconducting rf (srf) 
and energy recovery technology to produced 2 kW of IR. 

Figure 1 shows the layout of the upgrade FEL facility 
with a proposed additional electron beam transport loop. 
There are three locations in the electron beam line where 
significant Thomson x-rays can be generated: inside the 
optical cavity - specifically inside the wiggler - and in the 
last leg of the chicane prior to the wiggler. A third 
location, C, requires additional elecb-on beamline. 

In the wiggler, the IR in the optical cavity is 
automatically focused onto the electron beam, producing 
Thomson x-rays. The Rayleigh range of the cavity, 
however, limits the IR beam spot size to a value that is 
about twice the size of the electron beam spot size. Thus 
only a fraction of the available IR beam actually 
intercepts the electi-ons. 

X-rays 
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The second location, B, for Thomson scattering is in the 
last section of the electron beam line chicane aroimd the 
first optical cavity mirror system. This location requires 
extracted IR transported back to this location and focused 
onto the electron bunch. Extracted power is about 10% of 
the IR power in the optical cavity, but it can be focused to 
match the electron beam spot size, thus fully utilizing the 
available IR. The limitation of this location is the 
minimum spot size of the electron beam, a limitation set 
by electron beam transport requirements for energy 
recovery. (Full IR power requires transporting the 
electron beam back through the cryomodules (CMl, 
CM2, and CMS) for energy recovery. 
The third location, C, requires an additional beam line 

(achromatic) loop. By turning off the magnet that 
normally directs the electrons down the straight-a-way, 
the electrons can enter the loop, travel clockwise around a 
pi-bend, focused down to a minimum spot size of about 
75 microns rms, then back around another pi-bend and 
into a straight section and into the straight-a-way. 
Thomson x-rays are produced by transporting extracted 
IR to this region and focusing it down to the same size as 
the electrons. The IR can then be transported to user labs 
for experiments there. Part or all of this IR could be used 
as the pump of a pump-probe system. 

X-RAY PRODUCTION 
In order to adequately evaluate and compare the merits 

of each location, we need to calculate the anticipated x- 
ray source strengths for each case. The theory of photon 
scattering off electrons is well known. [See, for example, 
Refs. 9 and 10]. Careful treatment here also requires 
inclusion of the Rayleigh range of the IR in the optical 
cavity and the wiggler characteristics, which, in our case, 
has adjustable field strengths. 

One assumption we have made is that both the electron 
and m. beams are Gaussian distributions. This simphfies 
the calculations while maintaining the ability to compare 
source strengths of each site. 

The number of x-rays, N^, produced by an IR bunch 
colliding with an electron bunch is: 

Table 1: Jefferson Lab PEL Thomson X-ray Sources 

X 
ATTCT 

2  ""T (1) 

where Ne and Nm, are the number of electrons and IR 
photons respectively, cris the bunch rms size, and (TT 

is the Thomson cross section of the electron. 
Table 1 is a comparison of the Jefferson Lab PEL 

Thomson x-ray sources using equation (1).   It included 
values for the IR DEMO - the first PEL. 

FEL-^ IRDEMO IRUperade 

Parameter Wiggler 
A. 

Wiggler 
B. 

Chicane 
C. 

Loop 
Ee: e" beam energy 
(MeV) 37 80 80 80 

l'(Ee/m„c2) 72.41 156.56 156.56 156.56 
Charge per bunch 
(pC) 60 130 130 130 
Ne 3.7E+08 8.1E+08 8.1E+08 8.1E+08 
frequency (MHz) 75 75 75 75 
IR Power (kW) 10 100 10 10 
IR wavelength (um) 5 10 10 10 
Nm 3.4E+15 6.7E+16 6.7E+15 6.7E+15 
e" bunch 

t^x = CTv (um) 500 250 200 75 
IR bunch a^ = cjy 

(um) 800 500 200 75 
E x-ray max (keV) 5.20 12.15 12.15 12.15 
X-rays per bunch 17 2306 721 5125 
Nx (x-rays/sec) 1.2E+09 1.7E+11 5.4E+10 3.8E+11 

Another feature of these sources is the tunability of the 
x-rays. Pigure 2 emphasizes this point. These curves are 
calculated for the "A" source location and show the peak 
brightness for four settings of the wiggler strength 
parameter Kw- 

U3 

P.B 
(s.u.) 

Kw 

2   ..- ^^^3^:1:::, -^     4 

) 
1;"' 

10'" 
10 20 30 40 50 

Ex-ray (keV) 

Pigure 2: Peak brightness curves for Thomson x-rays 
generated in the wiggler of the Upgrade PEL, in standard 
units (s.u.): x-rays/sec/mm2/mrad2/(0.1% bandwidth). 
Input to these calculations include electron beam energy 
fi-om 75 MeV to 125 MeV, intra-cavity IR power of 65 
kW, and bunch frequency of 75 MHz. 

CONCLUSIONS 
Jefferson Lab's new 10 kW PEL is shown to be a 

source of high flux, sub-picosecond, x-rays. Three 
configurations have been examined and compared. The 
intra-cavity location requires the least amount of 
modification to the existing beam line, but the resulting 
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User Station, located inside the accelerator ring, would be 
inconvenient for experimenters. The location with the 
highest flux, and thus brightness, requires a loop addition 
to the electron beam line, and a modification to the PEL 
facility. Once built, however, such a facility is ideal for a 
User Laboratory outside the main accelerator vault. 
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IMAGE CHARGE UNDULATOR: THEORETICAL MODEL AND 
TECHNICAL ISSUES * 

Yuhong Zhang, Yaroslav Derbenev, James R. Boyce, Rui Li 
Jefferson Lab, Newport News, VA 23606, USA 

Abstract 
A relativistic electron beam undergoes undulating 

motion due to its image charge wakefields while passing 
close to a conducting grating surface. A new device, an 
image charge undulator, has been proposed recently [1] to 
utilize this mechanism for generating coherent hard 
radiation. We demonstrate the physics principle of this 
device by a 2D model of a uniform sheet beam. The 
transverse image charge wakefields, synchrotron radiation 
frequency and coherent radiation gain length are 
presented. We discuss a proof-of-principle experiment that 
takes into consideration such technical issues as grating 
fabrication, flat beams and beam alignment. 

1 INTRODUCTION 
A relativistic electron beam passing near a metal 

surface generates an electric polarization (image charges) 
of the surface, which applies a Lorentz force (image 
charge wakefields) back on the beam. These wakefields 
become wiggler type fields when the metal surface is a 
grating. The electron beam undergoes undulating motion 
due to these wakefields and emits/amphfies radiation just 
as in a conventional magnetic undulator. To enhance 
wakefields and also to stabilize the electron beam, we 
close the single grating by a second identical surface 
shown in Fig. 1. Such an asymmetric periodic structure is 
named an image charge undulator (ICU). 

Figure 1. Schematic drawing of image charge undulator. 

Let us consider a imiform sheet beam (surface charge 
density OQ) in an infinitely long planar undulator as shovm 
in Fig. 1. In this case, the alternating component of 
magnetic field vanishes, while the alternating electric 
field coincides with electrostatic solution for a charged 
sheet of the same density. The transverse image charge 
wakefields (defined as the total field minus the field of the 
source charges) have the following general form 

to reflect periodicity in the longitudinal direction, where 
(Pxn are phases, K=2J!/^^, and 2^ is the period of the 
* This work was supported by the U.S. Dept. of Energy under contract 
DE-AC05-84-ER40150. 

structure. Due to the linearity of Maxwell equations, 

£^W~^o (2) 
for all «, where E^ = Ina^ is the static electric field of a 

uniform sheet charge in free space. This relation implies 
that the image charge wakefields are always proportional 
to the surface charge density of the sheet beam, i.e., total 
charge and dimensions of a flat bunch. 

Normally, higher harmonic terms in Eq. (1) decay very 
fast so the wakefields are dominated by the first several 
nonzero terms. Keeping only the first term in Eq. (1), we 
obtain from the electron equation of motion that 

V,(Z): 
cK 

cosk^z,       K- .eEAO) (3) 

where y is the Lorentz factor, and E^^(x) = E (0) because x 

is very small for high energy electrons. This result shows 
that electrons indeed undergo undulating motion and 
therefore emit/amplify radiation in a way similar to a 
conventional magnetic undulator. According to the 
synchrotron radiation theory, the resonance frequency of 
this planar undulator is 

A = Ajl+^K')/2f (4) 

2 A SIMPLE 2D MODEL 
The 2D model of ICU shown in Fig. 2 can be viewed as 

a 2D waveguide (vertical size 2D) attached by two sets of 
identical 2D rectangular cavities (width L and depth d). 
Cavities are uniformly distributed along the z-axis. The 
period of this ICU is 2L. Both waveguide and cavities are 
made of perfectly conducting material. A uniform sheet 
beam (of zero thickness) passes through the center of the 
ICU. In Ref 1, we have shovra analytically the transverse 
image charge wakefield at the center of the ICU is 

E. (0, z) = E,f^ N^,„,, sin(2« + \)k„z (5) 

The dimensionless coefficients jv      depend only on the 

ICU geometry (i.e., ratios d/L and D/L), not on parameters 
of the flat beam, and are given as follows 

(6) 
^,2„.,=- 

a, tanh(2n + l);r— 
L 

n + - Wsinh(2n + \)7r— 

a^ in Eq. (6) can be solved from linear equations 

where 

r„ = 2n + l 

2m tlunH2n..l).lldpLMLMY. 

(7) 

(8) 

jtanh2;r—  " 
L 
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A„„ =-^^^tanh(2m + l);r^ U^-(^>^-(^>y ^-a-"^   ^^^ 
2m + l iJ ^ . . , -   Z) 4^ 7Sinh2;r—   " 

L 
are elements of coupling matrices between two eigen 
modes of cavities on the same or opposite sides of the 
waveguide, and 

4„(/0) = ^»(P) = 
(10) 

(11), 
Further, one can use the following relation 

to simphfy Eq. (8) and (9). 
It should be noted that we have used here a slightly 

simplified notation from Ref 1, and have used a tilde on 
all new variables to denote this difference. 

Figure 2. 2D Image charge undulator made of 
2D waveguide and 2D rectangular cavity. 

3 ASYMPTOTIC BEHAVIOR 
Calculating matrix elements r and A , and then 

solving linear equations (7) to find a„ normally require 

numerical computations. However, it is usefiil for gaining 
physics insight to develop an asymptotic formula for 
N,2„,^- Considering the fact that o^are slowly varying 
numbers in order of one, then 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

tanh(2« + l);r- 

n + - prsinh(2n + \)jt— 

In particular, for the first nonzero term, n=0, 

N^^ tanh;r—/sinh^- 
ar L I 

This leads to 

^,1 ^-2—/sinh;r >0,     when    d«L 
LI L, 

and 

2 D 
N^,-^ /sinh;r—,    when    d»L 

fC L 

M 2  £ rf 
"x\ r—tann ;?—-»-<»,    when    D«L 

TT D L 

4   -"- d 
^,\ e   ' tanhn > 0,    when    D»L 

n L 

Both Eq. (14) and (17) are well expected since the 
transverse wakefields vanish when either the cavity depth 
reduces to zero so the structure becomes symmetric or 
two gratings are placed too far away. On the other hand, 
the transverse wakefields reach plateau values as shown 
in Eq. (15) when the cavity depth is much larger than the 
undulator period. The wakefields are dominated by the 

image charges of the nearest metal surface, and since the 
image charges on the other surface are much farther they 
can be neglected. Eq. (16) displays a direct inversely 
proportional relationship between the wakefields and 
vertical size of the waveguide, i.e., one can increase 
wakefields by reducing the distance between two gratings. 

4 A NUMERICAL EXAMPLE 
We now present numerical calculations of undulating 

motion for a flat electron beam of 250 MeV energy in an 
ICU of 50 |j,m period using the analytical formulas in 
section 2. The flat bunch is 100 pm long, 100 nm wide 
and 4 jim thick, and contains 6-10'° electrons (total charge 
is about 10 nC). Since the longitudinal bunch size is twice 
the ICU period, the assumption of infinitely long sheet 
beam in the 2D model is only an approximation. We 
should expect certain deviations fi-om the theoretical 
model. Other ICU dimensions, i.e., grating tooth depth d 
and separation of two gratings 2D, are parameters of 
numerical calculations, and their values typically are 
equal or close to the grating period X^. Matrices r  and 

run 

A„„ in Eq. (7) are truncated to 100 by 100, and we use the 

Gaussian elimination method to solve Eq. (7). 

0.04 

0.03 

X 0.02 z 
'   0.01 

0 

Figure 3. The first two ICU geometry dependent 
factors as functions of d/L, when V>rL=\. 
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d/L 

0.8 1.2 

Figure 4. The first two ICU geometry dependent 
factors as functions of d/L, when D/L=0.5. 

The geometric factors N^2n*u as well as the wakefields, 
are sensitive functions of ratios D/L and d/L, as shown in 
Figs. (3-5). The wakefields quickly reach plateau values 
when d is larger than L, while on the other hand, they can 
go very high when the two gratings are very close. These 
behaviors confirm the asymptotical formulas of the 
previous section. The separation of two gratings is limited 
by flat beam emittance and alignment, and at tiie present 
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time, D=0.5Z,=12.5 n,m is a challenging but still reachable 
value. 

1.2 

0.9 

0.6 

0.3 

1    ♦ 1 

\ —♦-Nxl 

--a-Nx3 

Nx5 
v _ v 

 IW^rrf^^^j'lI^^n     n     ^—^—f^—} 
0.2 0.4 

D/L 
0.6 0.8 

Figure 5. The first three ICU wakefield numerical 
factors as functions of D/L, when d/L=l. 

To provide a direct and quantitative comparison 
between an ICU and a conventional magnetic undulator, 
we define an equivalent magnetic field derived from the 
Lorentz force formula 

5e,v=£..(0)/c (18) 

This magnetic field would produce the same strength 
Lorentz force as the image charge wakefields. It is plotted 
in Fig. 6 as a function of D/L while d/L=\. The values are 
very significant, and can be as high as 35 T for D=12.5 
Jim, a value unreachable by conventional undulators or 
wigglers of current technologies. 

250 

200 

P 150 

ffi 
100 

Figure 6. Equivalent magnetic field as a function 
ofD/L,whend/L=l 

Fig. 7 shows the undulator parameter K, ranged fi-om 
0.03 to 1.2. The gain length [2] of a FEL process is 
plotted in Fig. 8. Its range is from 0.3 to 3.4 cm depending 
on the separation between two gratings. This points to a 
very promising large radiation gain and even possible 
saturation in an ICU of less than 1 m in length. 

Figure 7. Undulator parameter K as a fimction 
ofD/L,whend/L=l. 

0 0.2 0.4 0.6 0.8 1 

Figure 8. Gain length as a function of D/L, when d/L=l. 

5 PROPOSED PROOF-OF-PRINCIPLE 
EXPERIMENT 

The concept of ICU can be experimentally verified in a 
straightforward manner. First produce a flat beam with the 
required characteristics, then send the beam between 
properly machined and positioned flat plates, and finally 
monitor the resulting radiation downstream. 

Flat beams of a very small x-emittance (0.01 \im, norm, 
or less) can be obtained from electron guns with the 
cathode immersed in a solenoid field. After acceleration to 
the energy range of tens of MeV, the electron beam can be 
ejected from the solenoid and transformed to a flat area, 
applying the vortex-plane beam adapters [3]. The y- 
emittance then becomes correspondingly large since the 
geometrical mean of the two emittances is equal to the 
beam normalized emittance at the cathode. See also [4]. 

The flat beam is then sent through a beam line cross 
fitted with standard, remotely controlled, linear motors 
with alignment guides all in the vacuxmi. Metallic plates, 
machined with the desired periodic surface ridges, can be 
mounted on the motors. (Commercially available 
machining techniques can cut grating ridges down to as 
small as 10 )xm.) The plates face each other. Temperature 
stabilization can be added to back sides of the plates and 
the e-beam can be pulsed to control induced heating. 

Initially, the separation between plates is large so the 
electron beam can be tuned without striking either plate. 
When the beam is aligned, the plates are moved towards 
each other in pre-determined steps. Photon radiation can 
be monitored downstream as a function of plate 
separation. 

6 CONCLUSIONS 
A new device, image charge undulator, has been 

theoretically examined as a potential source for hard 
radiation with an uncomplicated device. A straightforward 
experiment is proposed to verify these studies. 

[1] 

[2] 

[3] 
[4] 
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Abstract 

VISA n is the follow-up project to the successful Visible 
to Infrared SASE Amplifier (VISA) experiment at the Ac- 

■ celerator Test Facility (ATF) in Brookhaven National Lab 
(BNL). This paper will report the motivation for and status 
of the two main experiments associated with the VISA n 
program. One goal of VISA II is to perform an experimen- 
tal study of the physics of a chirped beam SASE PEL at the 
upgraded facilities of the ATF. This requires a linearization 
of the transport line to preserve energy chirping of the elec- 
tron beam at injection. The other planned project is a strong 
bunch compression experiment, where the electron bunch 
is compressed in the chicane, and the dispersive beamline 

vtransport, allowing studies of deep saturation. 

INTRODUCTION 

The development of a source of high brightness x-rays is 
an important instrument for studying structural dynamics 
at the atomic level. The fundamental time scale for atomic 
motion is on the order of tens of femtoseconds [1]. A sin- 
gle pass self amplified spontaneous emission (SASE) free 
electron laser (PEL) has the capability to bring about such 
short pulse x-ray lasers [2]. One way to achieve such high 
frequency resolution, is to chirp the radiation pulse, then 
compress the pulse using diffraction gratings. This would 
reduce the pulse length to the order of tens of femtoseconds 
[3]. Radiation pulse chirping can be obtained by injecting 
a chirped electron bunch into the undulator. Theoretical 
studies have shown that the coherence time is independent 
of chirp [4], but have yet to be verified experimentally. An- 
other method to drive an x-ray PEL is to inject a short com- 
pressed pulse into the undulator. 

EXPERIMENTAL OVERVIEW 

Summary of VISA I Results 

The succesful VISA I experiment was designed to in- 
vestigate physical properties of SASE-PEL as it relates to 
future LCLS operation. Saturation was achieved at 840 nm 
with a SASE power gain length of 17.9 cm and total gain 
of 10*. A novel bunch compression mechanism was de- 
veloped during the VISA I experiment. This scheme uti- 
lized second order momentum error effects in the disper- 
sive line. The proper choice of linac phase detuning and 

quadrupole settings yielded strong longitudinal bunch com- 
pression, and as a result, much higher current [5]. 

Another achievement of die VISA I experiment, was the 
development and deployment of a start-to-end (cathode to 
undulator) computational model. The computational effort 
involved employing UCLA-PARMELA for gun and linac 
calculations (emittance, charge, energy, energy spread), 
ELEGANT for transport lattice calculations (bunch length, 
beam size, emittance growth after dispersive line), and 
GENESIS 1.3 for undulator studies (gain lengdi, satura- 
tion, angular wavelength, and spectra). This computational 
undertaking, compared with the detailed experimental data, 
yielded new levels of insight into the dynamics of SASE 
PEL processes. The same numerical tools will continue to 
be used for VISA H. 

1 Sigma shot noise 
fluctuation 

*gerard@physics.ucla.edu 

Figure 1: VISA I saturation curve. Measured data is con- 
sistent with theoretical calculations. 

Experiment Setup 

VISA n will encompass a number of hardware changes 
to investigate the different regimes mentioned above. The 
undulator and diagnostics will remain unchanged. 

Chicane: The chicane compressor consists of four 
dipole magnets with a nominal field of 0.2 T. The dipoles 
have a bend radius of 1.2 m and a length of 41 cm. The 
effective magnetic length is 44.6 cm, with a path length of 
41.89 cm. Once the chicane is installed, the electron bunch 
is expected to compress from 300 /zm to less than 30 /itm 
[6]. The current of the bunch is projected to increase from 
60 A (VISA I uncompressed running conditions) to 1 kA. 
Simulations also show that coherent synchrotron radiation 

0-7803-7738-9/03/$17.00 © 2003 IEEE 
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(CSR) may amplify during compression and in the process 
microbunch the electron beam. Emittance degradation of 
4-10 mm mrad is anticipated [7]. 

The initial experiment to be performed at VISA II is run- 
ning the PEL with a short compressed beam (current of 1 
kA, charge of 200 pC). According to GENESIS 1.3 sim- 
ulations, the short compressed bunch should produce ex- 
tremely high gain. Saturation is expected by the 3rd meter 
of the 4 meter long undulator (Fig.2). With additional com- 
pression, the slippage can be so severe that the gain may not 
be purely exponential. 

Energy Evolution 

a) Initial Trace Space after linac. 
Longitudinal Trace Space Longitudinal Density Profile 

Figure 2: GENESIS 1.3 simulation of the energy evolu- 
tion within the undulator. Saturation is reached at approxi- 
mately 3 m, well before the undulator end. 

Linearization of Transport: In order to maintain a 
chirped electron bunch from the linac to the undulator, the 
transport to beamline 3 must be linearized. Linearization 
requires a stronger control of the dispersion along the dog 
leg. The addition of sextupoles will allow VISA 11 to run 
in two distinct modes. By diminishing the Tgee, the lin- 
ear phase space chirp is maintained, as is illustrated by the 
ELEGANT simulations in Fig.3. The sextupoles are 5 cm 
long and have a calculated gradient of 22.0 T/(m^A) [8]. 

Undulator: The VISA undulator is 4 m long and di- 
vided into 4 sections. There are a total of 220,1.8 cm long 
periods. The on-axis peak field is about 0.75 T. The un- 
dulator has a superimposed quadrupole focusing channel 
(FODO lattice) throughout the length of the undulator. The 
electron beam walk-off tolerance inside the undulator is ap- 
proximately 80 fim [9]. The quadrupoles were aligned so 
that the beam trajectory would meet this tolerance . Un- 
dulator alignment is conducted via a CCD based optical 
monitoring system [10]. 

There are eight intra-undulator diagnostics located 50 
cm apart. Each port has a double-sided silicon mirror 
which leases the ability to measure both SASE radiation 
properties, by reflecting EEL light into the diagnostics, as 
well as electron beam position and envelope outline, by 
generating optical transition radiation (OTR) for the beam 
imaging diagnostics [11]. 

-0.001 
-0.002 

b) Final Trace Space after tiispeisive section (without sextupoles). 

Longitudinal Trace Space Longitudinal Density Profile 

e) Final Trace Space after dispersive section (with sextupoles). 

Longitudinal Trace Space 
0.003 
0.002 *%». 
0.001 ^S» 

-0.001 ^it 
-0.002 

■    r.K- •.ro-'.^^m^ 

Longiludinal Density Profile 

Figure 3: ELEGANT simulations of electron beam linear 
chirp preservation through dispersive line. VISA II can be 
run in two distinct modes: the compressed case, due to the 
natural R56 of the dog leg, and the energy chirped case, 
where the sextupoles are turned on. 

CfflRPED PULSE MEASUREIMENTS 

Conditioning 

By accelerating the electron beam at an off-crest RF 
phase, a linear chirp (energy spread - longitudinal posi- 
tion correlation) may be imparted onto the beam. Once 
sextupoles are utilized the T566 component of the trans- 
fer matrix can be minimized, allowing control of the linear 
chirp throughout the beamline. The input linear chuped 
phase space will be preserved and injected into the undu- 
lator. This will allow control of the frequency distribution 
of the generated radiation pulse. The natural negative R56, 
discovered from the original VISA runs, stretches the pulse 
sUghtly. However, altered compressor settings can make 
the R56 positive. Experimental and computational analy- 
ses will determine various modes of operation, balancing 
compression, linearity, and degree of chirping. The ini- 
tial measurement for VISA will be to run with the largest 
possible chup obtainable, without degrading the PEL gain. 
Preliminary calculations show that this chirp is on the order 
of 4-5 %. In addition, the beam may be partially precom- 
pressed in the chicane, without removing its chirp, to raise 
the current in a chirped beam expertiment. 

Simulation Results 

Numerical studies have been conducted on the spectral 
response of a driving initially chirped electron beam. Sim- 
ulations show that total energy at saturation is not affected 
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by chirping up to 4 % (no gain degradation), even for the 
case of the 60A (uncompressed) beam. It is necessary to 
exceed 2 % chirp to overcome the intrinsic frequency width 
of the PEL amplification in order to achieve a measureable 
correlation between frequency and time. 

0% Chirp 0.5% Chirp 

350 360    370    380    390 
ffTHz] 

2% Chirp 

350   360   370    380   390 
ffTHz] 

4% Chirp 

360   370   380 
f[THzI 

350   360   370    380   390 
f[THz] 

Figure 4: GENESIS 1.3 simulations of chirped pulse radi- 
ation spectrum (frequency domain) for varying degrees of 
chirping. 

Proposed Measurements 

The goals of the chirped beam experiment are to de- 
termine the gain length as a function of degree of chirp- 
ing, and to measure the spectral correlation of the output 
beam. Theoretical studies show that the effects of the elec- 
tron beam chirp on PEL is small if the resonant radiation 
frequency change within a cooperation length is small [4]. 
These results must be verified experimentally. PEL proper- 
ties to be measured include saturation power, intenstiy fluc- 
tuations, and spectral and angular properties of the chirped 
radiation. 

The wavelength chirping of SASE radiation can be used 
to make pulses on the order of 100 fs. Using a monochro- 
mator and double diffraction grating the radiated output 
can be compressed. This encompasses a few experimen- 
tal complications. Creating short pulses on the order of 
10 fs from pulses already on the order of 10 ps, is an exper- 
imental challenge. Measuring such short pulses requires 
reliance on nonlinear effects in materials. 

The proposed scheme to measure this output is named 
Frequency Resolved Optical Grating (PROG) [12]. The 
signal is split and recombined to overlap at different times 
in a nonlinear, frequency doubling, crystal. The doubled 
output light has a time dispersed axis and is sent to a spec- 
trometer which disperses frequency in the other dimension. 
Standard algortihms are used to reconstruct amplitude and 
phase informatin of the input radiation. A simplified FROG 
device (Grenouille), using a thick nonlinear crystal and a 
Presnel biprism, yields a simplified single-shot, ultrashort- 
pulse intensity-and-phase reconstruction device [13]. The 
measurement of the epxected pulses will be simplified in 
operation by the use of Grenouille. 

EXPEREMENTAL STATUS 

The VISA II program is in its initial stage. The Particle 
Beam Physics Lab (PBPL) of UCLA has developed and 
is presently installing a chicane compressor for the ATF at 
BNL. The chicane magnets, vacuum vessel, and coherent 
synchrotron radiation (CSR) diagnostics have been devel- 
oped at UCLA. The hardware installation of the chicane is 
Hearing completion. The improvements to the diagnostics 
on the dispersive line and the mathcing line are underway. 
The addition of sextupoles will take place in the early sum- 
mer of 2003, coincident with the chicane dipole installa- 
tion. 

Initial runs for VISA H are dedicated to bringing the 
beam up to successful operating conditions. The upgraded 
facilities of the ATP require revising the original run set- 
tings; technicalities must be addressed to reestablish high 
gain lasing conditions. Preparatory runs have yielded suc- 
cessful characterization of beam envelope evolution, and 
emittance measurements, utilizing the quadrupole scanning 
technique, are imminent. Optical methods have been used 
to measure the undulator alignment, however, they have 
been indeterminate as to whether undulator alignment is 
adequate. Undulator electron beam trajectory measure- 
ments are forthcoming and will be used to confirm align- 
ment before any attempts to re-align are undertaken. 
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Abstract 

The PEGASUS photo injector at UCLA can produce 
a photo-electron beam with a normalized emittance of 2 
mm-mrad at an energy of 12-15 MeV, capable of driving 
a Free-Electron Laser in the mid IR regime. The FEL 
program, associated with the PEGASUS injector and pre- 
sented here, is based on a Self-Amplifying Spontaneous 
Emission (SASE) FEL. The studies focus on increasing the 
efficiency of an FEL by novel undulator design and com- 
pensation of diffraction effects, using waveguides of mil- 
limeter size. In this presentation we also discuss the possi- 
bility of the PEGASUS FEL as a THz user facility. 

INTRODUCTION 

The PEGASUS Photo injector [1] is a novel standing- 
wave S-band structure for generating photo electrons and 
to accelerate them to 12 - 17 MeV. The high-brightaess 
beam is suitable to drive a Self-Amplifying Spontaneous 
Radiation Free-Electron Laser (SASE FEL) [2] down to a 
wavelength of 10 /xm without further acceleration. 

The injector can also deliver the required beam to drive 
a Thomson backscattering source [3]: The mechanism is 
closely related to undulator radiation which is the basic 
radiation process of a Free-Electron Laser. Although the 
Thomson backscattering process does not amplify its own 
radiation as a SASE FEL does, the resonant wavelength lies 
in the X-ray regime, making this radiation source attractive 
to the scientific community. 

We present here the possible applications for the PEGA- 
SUS injector, oriented towards Hght sources, spanning a 
range of THz radiation to X-rays. Other apphcation are 
reported elsewhere [4]. 

INFRARED FREE-ELECTRON LASER 

The FEL program is initiated with an existing undulator, 
previously used to demonstrate the first SASE FEL ampH- 
fication of more than 5 orders of magnitude [5]. The 2 m 
long undulator consists of 98 periods with a period length 
of 2.05 cm. The configuration is planar and additional mag- 
nets supply equal focusing in both plane. The /3-function is 
22 cm. 

With the expected beam parameters of the PEGASUS 
injector (Tab. 1, [6]) the SASE FEL resonates at 13 /xm. 
Because the electron beam size is 170 /ttm and only one 
order of magnitude larger than the radiation wavelength, 
the diffraction during the FEL amplification is strong and 
lengthens the saturation length to 3 m. 

Table 1: Electron beam parameters of the PEGASUS In- 
jector 

Energy 12-18 MeV 
Energy Spread 0.15% 
Emittance 4 mm-mrad 
Charge InC 
Bunch Length 1 mm 
Repetition Rate l-5Hz 

Although we do not expect saturation, the radiation can 
be used to calibrate the IR diagnostics and to compare the 
measured performances with the predicted ones, based on 
start-end simulations with the codes PARMELA [7] and 
Genesis 1.3 [8]. 

The degradation due to diffraction can be overcome by 
embedding an IR waveguide within the undulator. The 
waveguide is a glass or silicon tube with a metal and di- 
electric layer deposited on the surface. Using silver and 
silver-iodide leyers of a few hundred nanometer each, the 
transmission is optimized for the wavelength region of in- 
terest. Measurements have shown losses of less than 2 dB 
over 2 m [9] and these hollow glass waveguides have al- 
ready been successfully used for transportation of IR Hght 
[10]. 

The saturation length is reduced to 2 m with a 1 mm bore 
diameter of the hollow glass waveguide. Fig. 1 shows the 
performances for different bore diameters. The case for 5 
mm differs only by a few percent from the free space case, 
excluding any waveguide. A 1mm diameter gives enough 
matching tolerance for the electron beam to the undula- 
tor focusing structure to avoid particle losses. The perfor- 
mance is insensitive to beam offsets or larger emittances. 
Although the waveguide is overmoded, the FEL eigenmode 
consists predominately of the fundamental TE mode of the 
empty waveguide. 

THZ FREE-ELECTRON LASER 

THz radiation sources are of particular interest to the 
science community [11] for various solid state, cluster 
and molecular studies. A tunable source such as a Free- 
Electron Laser is highly desirable. The undulator parame- 
ters are modified to increase the radiation wavelength with- 
out changing the energy of the driving electron beam. In or- 
der to radiate at 100 /tm, which corresponds to a frequency 
of 3 THz, the period is increased to 5 cm and the undula- 
tor parameter to 1.5 at a beam energy of 15 MeV. A helical 
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z[m] 

Figure 1: FEL performance of the PEGASUS IR waveg- 
uide PEL. The corresponding bore diameters are from the 
top: 0.8 mm, 1 mm, 1.5 mm, 2 mm, 3.5 mm, and 5 mm. 

undulator has the advantage of increasing the output power 
and reducing the saturation length as compared to a planar 
undulator. The latter helps to reduce the impact of diffrac- 
tion, which is even stronger than in the case of the ER. FEL. 
In the gain guiding mode of the linear regime of the FEL 
the equilibrium radiation size is 2 mm. The impact of the 
strong diffraction yields an reL performance very similar 
to the IR FEL, except for the wavelength. Three meters are 
required to reach saturation. Fig. 2 shows the radiation and 
current profile at saturation, which occurs at 3.5 m and the 
total energy of the radiation pulse is 120 fiJ. 

Although we have not studied the problem in detail yet, 
it is expected that an embedded waveguide will miprove 
the performance of the FEL as is the case for the ER FEL. 
The aspect ratio between wavelength and bore diameter is 
smaller and the waveguide is less overmoded. This reduces 
the coupling to higher waveguide modes because the phase 
velocity is different and, thus, they are less synchronized to 
the electron beam. 

Figure 2: Radiation and current profile (solid and dashed 
line, respectively) at saturation for a THz SASE FEL. 

THOMSON BACKSCATTERING X-RAY 
SOURCE 

Thomson Backscattering is an alternative to multi-GeV 
electron beams and long undulators for a tunable X-ray 
radiation source. The necessary electron beam energy is 
between 10-50 MeV for a wavelength of 800 nm of the 
scattering laser. Despite the fact that the process lacks the 
collective instability of the FEL and emits on the sponta- 
neous radiation level, the reduced size of the driving lin- 
ear accelerator and the existence of TW drive laser makes 
this radiation source attractive. The obtained pulse length 
are comparable to those of an Free-Electron Laser such as 
LCLS [12] or TESLA FEL [13]. 

With the high-brightness electron source of the PEGA- 
SUS injector, a Thomson backscattering source becomes 
feasible. A schematic of the beam line and the drive laser 
is shown in Fig. 3. There are two different method of oper- 
ation. With an incident angle of 90 degrees the pulse length 
of the X-ray pulse is determined by the shorter length of the 
electron or laser pulse: for a reasonable focused 50-100 fs 
Ti:S laser it is around 100-200 fs. However the overlap of 
the laser pulse with the electron beam is minimal, resulting 
in a rather low photon flux of about 2 1 • 10^ photons per 
pulse, based on the parameter given in Tab. 2. 

A head-on collision maximizes the overlap between the 
electron beam and the laser pulse. The flux is three order of 
magnitude higher (10-10®) but the X-ray pulse is stretched 
to 3 ps. In this case the wavelength is 2.2 A - twice as short 
as for the 90 degree incident case. 

We are considering a set-up which allows the operation 
of both 90 and 180 degree incident angle. The required 
instrumentation for X-ray transport and diagnostic has to 
be further studied. 
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Figure 3: Schematic layout of a Thomson backscattering 
X-ray source at the PEGASUS injector. 

CONCLUSION 

With the compact design of a high-brighmess photo elec- 
tron beam source the applications of Free-Electron Lasers 
and the related Thomson backscattering process become 
feasible and attractive. In particular the small scale of the 
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Table 2: Expected performance of the Thomson Backscat- 
tering X-ray source at the PEGASUS injector. 

Incident Angle 90° 180° 
Wavelength 4.4 A 2.2 A 
Pulse Length 250 fs 3ps 
Photon Flux 2.M05/pulse l.O-lQS/pulse 
Opening Angle 33mrad 33mrad 

[14] V. Litvinenko, Storage Ring-based Light Sources, Proc. of 
the 17th Advanced Beam Dynamics Workshop on Future 
Light Sources, Argonne, USA, 1999 

required space is appealing as a tunable radiation source 
"on location" for a wide class of science experiments in- 
stead of the remote location of light sources such as APS, 
ESRForSpring8[14]. 

The prospect of a light source for the PEGASUS lab 
can be enhanced with the combination of the Thomson 
backscattering experiment with the THz SASE PEL, both 
attractive to the science community. The backscattering 
process does not degrade the beam quality of the electron 
beam and, thus, allows for a downstream operation of the 
THz EEL. A delay line of the X-ray pulse is required for 
pump-probe experiments with the THz pulse. It is desir- 
able to use a variable-gap undulator for the THz EEL, so 
that an independent tuning of the X-ray and THz wave- 
length is possible. 
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A NUMERICAL MODEL OF ELECTRON BEAM SHOT NOISE 

B. W. J. M<^Neil, G. R. M. Robb, Department of Physics, University of Strathclyde, Glasgow, UK 
M. W. Poole, ASTeC, Daresbury Laboratory, Warrington WA4 4AD, UK 

Abstract 

A numerical method of simulating electron beam shot 
noise in free electron lasers is presented. The method uses 
a quasi-uniform phase space distribution of appropriately 
charge weighted macroparticles. The statistical properties 
of the macroparticles are derived directly from the tempo- 
ral Poisson statistical properties of the real electron dis- 
tribution. Unlike previous methods, our method does not 
rely upon any averaging over a resonant radiation period 
timescale and so more correctly describes the underlying 
physics. The method also allows shot noise to be mod- 
elled self-consistently in un-averaged PEL models which 
are able to describe sub-wavelength phenomena such as 
Coherent Spontaneous Emission. 

INTRODUCTION 

Any computer code that attempts to model Self Ampli- 
fied Spontaneous Emission in a PEL, or any other electron 
beam source, should have a valid numerical model of the 
electt-on beam shot-noise. In order to model shot-noise, 
a macroparticle distribution should simulate the statistical 
properties of the real electron distribution. Many, if not 
most simulation codes use the algorithm of [1] as the basis 
of their macroparticle loading algorithm to describe shot- 
noise. However, this algorithm, although effective, has 
been derived direcdy from the statistical properties of an 
averaged quantity, h, the bunching parameter [2]. This av- 
eraging occurs over a resonant radiation period. There has 
not been, to the authors' knowledge, a contiguous deriva- 
tion from the statistical properties of the individual elec- 
trons in an electron beam to die algorithm of [1]. A noise 
model derived directly from die properties of the individual 
electrons would also allow the introduction of shot-noise 
into PEL models that have not been averaged over a radia- 
tion period in a consistent way. Although the method of [1] 
has been used in unaveraged models such as [3] it cannot 
be considered consistent to use methods developed from 
averaged equations in an unaveraged model. The work 
presented here derives such a macroparticle model directiy 
from a Poisson statistical electron distribution [4]. 

0-7803-7738-9/03/S17.00 © 2003 ffiEE 

THE MODEL 

The arrival of electrons at the beginning of an interac- 
tion region, 2; = 0, is assumed to be a Poisson process. 
We first discretise time into small intervals of uniform du- 
ration Ai so that tn = nAf where n = 0, ±1, ±2,.... In 
the notation hereafter subscript n always refers to these dis- 
crete times. It will be seen that die time interval Ai is die 
mean interval between macroparticles introduced to model 
die real electi-on distiibution. Furthermore, Ai is small widi 
respect to any radiation period to be subsequenfly modelled 
i.e. Af < 27r/wi„ax. 

Consider the arrival of electrons over one such time in- 
terval tn <t < tn+i. The mean rate of the Poisson pro- 
cess is the rate of electron arrival i/„ = I{tn)/e which is 
assumed constant over the interval Ai. The electron arrival 
times obey Poisson statistics and the number of electrons, 
Nn, arriving within die interval At is a statistical variable 
determined by the Poisson distribution: 

P{Nn) 
iV„.! (1) 

where Ar„ = i/„Ai, is die expectation for die number of 
electrons in the interval At. It can been shown [5] tiiat die 
ordered arrival times of die electrons have identical statis- 
tical properties to those with unordered arrival times each 
of which have been distributed within the interval At with 
an identical uniform probability density p„ = v^/Nn = 
1/At. The statistics of variables distributed with uniform 
probability density over a finite interval are well known [7], 
from which we obtain the mean and variance of each of the 
unordered electron arrival times tj,j = l..Ar„ to be 

tn + At/2   and fin 

=   AtVl2 (2) 
respectively. 

For a total ofN„ electrons die mean arrival time is given 
by 

Ar„ 

*"=/^E*. Nn 
i=i 

with expectation and variance of t„ easily shown to be 

E(tn)    =   p.n = jJ-n,  and 

N„.      12N„ 
V{in)     = ^l (3) 
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respectively. 
The distribution of the Nn electrons within the interval 

i„ < Ai < tn+i may now be modelled by replacing the 
distribution with a single macroparticle whose statistical 
properties of charge and temporal distribution equal those 
of the Nn electrons. This is the physical basis of the model 
presented here. 

The statistical properties of the macroparticle charge are 
given simply by the Poisson distribution (1). When load- 
ing the macroparticles in a numerical simulation code each 
would be assigned a charge weight of „ = NnB where 
e is the charge of an electron and iV„, the macroparticle 
electron number, would be generated by a Poisson random 
deviate generator of mean iV„. 

The statistical properties of the macroparticle arrival 
time may be found by firstly placing the macroparticle at 
the mean electron distribution arrival time /i„. This mean 
arrival time then has added to it an independent random 
variable with uniform probability distribution over the 
interval [- t/2, t/2]. The interval t is chosen so that 
the variance in the macroparticle arrival time is equal to 
that of the real electron distribution (3). Similarly to rela- 
tion (2) the variance for the macroparticle arrival time is 
i^/12. Equating this macroparticle variance to that of the 

real electron distribution (3) the following relation for t is 
obtained 

Ai M 
t = ^= « ^== (4) 

where the latter approximation may be used when N„:$> 1. 
An electron pulse defined by a mean current I{z, t) may 

be modelled to include the effects of shot-noise by assign- 
ing macroparticles, with charge and arrival time as de- 
scribed above, over many such consecutive time intervals 
defined by i„. The macroparticle arrival times describing 
the complete electron pulse may then be written as 

T"i — t^' ~r 01 j = l..N„ (5) 

where Nm is the total number of macroparticles and the 
j = 1 macroparticle arrives in the nth time interval so that 
ij =tn + {j -1/2) At. For consistency, the Poisson variate 
Nn, the electron number for the jth macroparticle, is now 
written iVj. 

It is important to note that the electron distribution and 
its statistics have been modelled by the macroparticles 
without reference to any external lengths or timescales such 
as a resonant radiation frequency or its harmonics. In this 
sense this analysis is self-consistent. 

Details of the scaling may be found in [6]. The right hand 
side of the wave equation is written in terms of the real elec- 
tron distribution, where N is the total number of electrons 
in the electron pulse and at the beginning of the interaction 
region, a; = 0, so that zi = -2 wi where is the PEL scal- 
ing parameter [2]. Note that the total number of electrons 
in the electron pulse, N, is itself a Poisson variate of mean 
N, the expectation value of the total electron number given 
by 

m N = J t. 

The Dirac delta function transforms to real units as 

(^1 - Zlj) = 
{u)t — U)tj) 

(7) 

(8) 

and the electron distribution may be replaced by a 
macroparticle distribution as described in the previous sec- 
tion to give the right hand side of the wave equation (6) in 
terms of the macroparticle distribution 

Nrr. N 277 

NmX fr{ -^pk 
^^e^-*(a;t-a;i,) (9) 

where Nmx = 27r/a;Ai is the number of macroparticles 
within one radiation period and JVpk = /pk Ai/e is the ex- 
pectation of the macroparticle electron number at the peak 
of the electron pulse current, /pk- 

When averaged over a radiation period the right hand 
side of the wave equation yields a quantity known as the 
'bunching parameter' [2]. If the macroparticle model is 
valid then the statistics of the bunching parameter must 
be the same for the macroparticle distribution as for a real 
electron distribution, and we now test for this. 

Averaging (9) by integrating over one radiation period 
centred at time t yields an expression for the localised 
macroparticle bunching parameter: 

N-    ■ 
(10) 

The delta function has extracted those macroparticles 
within the interval (we retain j as the index for simplicity) 
and we have used relation (5). 

The expectation of the bunching parameter (10) is then 
given as 

BUNCHING STATISTICS IN ID 

The following scaled form of the 1-D wave equation de- 
scribing the PEL interaction may be derived: 

-I- 
Zl 

N 

{z, ^i) = r— ^exp ( - -i )  (zi-zij). 

Nn. 

E{b) 
N, mX E^^. 

j=i 

fNj^ 
ViVpk EN.lrA^"'^'))^' 

(11) 
where ENJ (...) signifies the expectation value with respect 
to the macroparticle electron number Nj and E'^v |T (•••) 
signifies the expectation value with respect to the random- 
ness of the macroparticle arrival time j for a given value 

(6)     Nj.   The latter expectation is obtained by averaging in 
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Tj over the interval [-6t/2, St/2] from which using rela- 
tion (4) the following result is obtained: 

Er.iN, (e^'^^0 = 
/N]N, m\ 

TT 
■sm 

/NjNmX , 
(12) 

Substituting for (12) into (11), using the result that for a 
Poisson distribution Ejv, (iVj) = Nj and assuming the usu- 
ally easily satisfied condition ^/N^Nmx » 1 so that 

sm 
/N,N„ 

the expression for the expectation of the bunching is 

E{b) = J-y3-e 
m\ ^ Npk 

(13) 

A similar but more lengthy analysis for the expectation 
of |6p may also be carried out to obtain 

mX    pk j—1 

from which an expression for the variance of the bunching 
V{b) = S(|6p) - \E{b)\\ is obtained. 

It can be seen from (13) for the expression for E{h) that 
if die current is not uniform over the radiation period, i.e. 
Nj ^ constant V j, then E{b) will be non zero. Such non- 
zero bunching is caused by a current gradient and is the 
source of Coherent Spontaneous Emission [6]. 
_ In the limit of a uniform current beam we may set 

Nj =Npk V j,_E{b) = 0 and there is no CSE. In this case 
NmxNpk = Nx, the expectation of the total number of 
electrons in the radiation period, and we obtain from (14) 
the result diat E{\b\^) = 1/Nx, which for the single ra- 
diation period under consideration here, is in agreement 
with previous analysis of averaged Poisson statistical mod- 
els [4]. 

fflGHER DIMENSIONS 
In the above analysis, electron beam properties such as 

energy and transverse momentum spread were neglected. 
In order to describe these effects and include the effects of 
shot-noise, the above model must be extended to a multi- 
dimensional electron phase space. 

Phase space is first discretised into elemental 'volumes' 
by discretising along each phase space ordinate in a method 
similar to that carried out for time in the previous section. 
The populating by electrons of each phase space 'volume 
element' at ^ = 0 is then assumed to be a Poisson process 
with each element being populated at a local Poisson rate 
given by 

Ka,t) = M  (a) 

where a is a generalised phase space coordinate (e.g. a = 
(rx,p), the transverse coordinate and the momentum re- 
spectively) and (a) is a normalised distribution function. 
Note that, in general, the distribution function itself may 
have a temporal dependence via a. 

The same algorithm as was used for allocating the 
temporal noise of the previous section is now used for 
each phase space coordinate of the macroparticles. The 
macroparticles are placed at the 'centre' of each phase 
space volume element and have added to each of their 
phase space coordinates an independent random variable 
of uniform probability distribution. This random variable 
is equivalent to the TJ of the previous section and, for a 
generalised ordinate   k, will have a range 

(16) 

(15) 

2^j'2^j 

where A fe is the discretisation interval and from (15) 

Nj = iy{a,t)AVaAt = ^  (a)AT4Af        (17) 

where AVa = Hfc (A k) is the elemental phase space vol- 
ume. Each macroparticle will also have assigned to it a 
Poisson random variate electron number of mean Nj. 

CONCLUSIONS 
The derivation of the shot-noise model presented here 

is perhaps more physically intuitive, and therefore appeal- 
ing, than those used in current PEL simulation codes: The 
macroparticle properties of arrival time and charge are de- 
rived directly from tiie intrinsic Poisson statistical proper- 
ties of the individual electron arrival times at the beginning 
of the interaction region. The model is dierefore indepen- 
dent of any extemal factors such as a resonant radiation 
period. The algorithm has been tested successfully in a nu- 
merical code and these results will be presented in a forth- 
coming publication. 
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AN IMPROVED ID MODEL FOR ULTRA HIGH POWER RADIATION 
PULSE PROPAGATION IN THE HELICAL WIGGLER FREE ELECTRON 

LASER 

B. W. J. M'^Neil, G. R. M. Robb, Department of Physics, University of Strathclyde, Glasgow, UK 
M. W. Poole, ASTeC, Daresbury Laboratory, Warrington WA4 4AD, UK 

Abstract 

A one dimensional model of a helical wiggler Free Elec- 
tron Laser is presented that does not average the Maxwell- 
Lorentz equations describing the interaction between elec- 
trons, wiggler and radiation fields. Furthermore, no rela- 
tivistic approximations in the equations governing electron 
motion are made and transverse motion of the electrons is 
self-consistendy driven by both the wiggler and radiation 
fields. Numerical solutions of the resultant equations allow 
for the modelling of radiation pulses with peak powers or- 
ders of magnitude greater than the steady state saturation 
value and with pulse widths significantly less than one ra- 
diation period. Preliminary numerical modelling of such 
pulses was investigated by simulating injection of a suit- 
able high power seed pulse into an FEL amplifier. These 
studies suggest a possible new regime of operation where 
sub-period radiation pulses may extract energy from the 
electrons in a periodic burst mode. 

INTRODUCTION 

In the non-linear regime of operation Free Electron 
Lasers can produce very high intensity spikes of radiation. 
One example of where such spikes arise is in FEL superra- 
diance where a self-similar spike may grow and propagate 
through the electron pulse [1]. However, it is as yet un- 
known either analytically or through numerical simulation 
whether or how such spikes saturate and the self-similar so- 
lution breaks down. In this paper we present a model that 
should allow such investigation at least in the 1-D limit. We 
minimize any assumptions. In particular, none are made 
with respect to the relative strengths of the wiggler and ra- 
diation fields, and by not performing any average over a 
wiggler period, sub-period radiation evolution is included. 
Furthermore, no assumptions are made regarding the effi- 
ciency of energy exchange between electrons and radiation. 
While not answering the question regarding spike satura- 
tion our preliminary results nevertheless demonstrate some 
potentially interesting phenomena. 

0-7803-7738-9/03/$17.00 © 2003 IEEE 

THE MODEL 

The physics of the FEL in the 1-D limit may be described 
by the coupled Maxwell/Lorentz equations: 

92       1 92  .    ^     ^ 

dt 
e['E{zj,t) + 

7jm 

dt (1) 

(2) 

where j = I..N, the total number of electrons, and the 
transverse current density may be written 

3^{z,t) 
N 

e y^ P-Lj Hr-rjit)). (3) 

The wiggler and radiation electric field are assumed to be 

B^W    =    7^ (^^ 

E 

^ + ex.) (4) 

iz,t)    =    -L(e5(^,f)e^('=--*)+c.c.),    (5) 

where e = (x -f iy) /\/2. The magnetic component of 
the radiation field B(2;, t) required in the Lorentz equa- 
tion (2) was calculated from the Maxwell equation V x E = 
—dB/dt. In performing this calculation for B the indepen- 
dent variables {z, t) are transformed to their scaled form 
{z, Zi) [2] which will be used in the final scaled equations. 
Then under the assumption that: 

d a 
dz     dzi 

Er, < Pz     d 
1-pzdzi 

(6) 

where cp^ is the initial mean scaled z component of the 
electron velocity, the cartesian components of the radiation 
magnetic field Bx,y « TEy^x/c yielding 

B{z,t) 
—I 

V2c 
(e£'(0,i)e'(*^^-"*)-c.c.) (7) 

By introducing the notation p± = Px — ipy (so that 
Pj - e* = PJ./-\/2), taking the scalar product of the wave 
equation (1) with e*, integrating over the common elec- 
tron/radiation transverse area a and making the assump- 
tion (6), the second order wave equation (1) reduces to: 

± + A.\ s(z t) =—^ ^ 
dz     dzij    ^ ' '      2aeomcl~p^ 
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;v 

Y^e-<'^)If-6{z, - -z,i{z)) (8) 
i=i 

Substituting the fields (4,5,7) into the Lorentz equa- 
tion (2), taking the scalar product with e* and changing the 
independent variable firom t to z, the following equation for 
the perpendicular momentum is obtained 

dp ±j 
dz \ Pzj      C J 

Similarly, the z component of the Lorentz equation (2) 
yields 

dPzj e 
dz Am?c? y, 7? 

^-Pzj 
p*Li£e (^) 

icB^ {p±je^'k - c.c^ 

We now introduce the following notation: 

■ c.c. 

(10) 

1-73; ZJ 

p±   = 

Pzj 

p±: 
mc' 

e = 
Pz 
eS 

•   K^/' 
"mc pvOV (11) 

which allow the previous equations describing the FEL in- 
teraction to be written as: 

dz 

dz 

1- (12) 

j(e   j+2) 

4     1 + b-i'^ 

dp. '-Lj 

dz 

£  3 [plj   e 

■   -i-S- 
le    2p - 

[-i\P^-je'^f -c.c}\ 

(^) (13) 

(14) 

+ C.C. 

yP^js/e  j(e  j+2) 
<5(zi-zy(z)).(15) 

Note that in the previous notation of [2] j = 1 - 2 pj. 
These are the working equations used for the following 
numerical simulations. In deriving these equations, and 
within the 1-D assumptions, the only approximations that 
have been made are the neglect of space charge effects and 
that of (6), equivalent to that made for the planar undulator 
case as described in more detail in [3]. Hence, very short 
high power pulse effects may be described where electrons 
may exchange a significant fraction of their energy in a 
short timescale. In the limit (e, ) < 1, and assuming a 
moderate, slowly varying radiation envelope (g, zi) :^ 1, 
the working equations may be expanded to first order in 
(e,  ) and a little analysis simplifies them to those of [2]. 

< 

Figure 1: The scaled radiation power | p and electron 
phase space (zij.Pj) for a scaled distance through the in- 
teraction region of z = 30. 

AN NUMERICAL EXAMPLE 

We now present a numerical solution of the equa- 
tions (12..I5) for the case of high power, short pulse injec- 
tion into a FEL amplifier and compare this with the solution 
from an averaged model such as [1]. The electron pulse has 
a rectangular charge profile over the limits 0 zx "e for 
e = 50 and propagates a scaled length f = 50 through 

the wiggler interaction region. The macroparticles are dis- 
tributed uniformly over the electron pulse interval with ini- 
tial conditions PJ.J = - „ and ^• = 1 Vj. Other param- 
eters are = 1/4 , 7^ = 100, y, = 2. This value of 

means that at fixed z one radiation period corresponds 
to an interval Af 1 = 1. A uniform power radiation pulse 
of two period duration is injected at f = 0 with scaled 
field defined by 0(21) = 10 over interval 0 zi 2, 
and zero elsewhere. This corresponds to a power of the 
order of 10^ greater than the steady-state scaled power of 
I Mat » 1-4 [1]. The equations (12..15) are solved us- 
ing the streamline method of Finite Elements as in [3] with 
third order elements of scaled length in zx of '^i = 0.1, 
so that there are 10 elements per radiation period. The 
electron/radiation interaction was artificially switched off 
ahead of the injected radiation pulse i.e. for f 1 z -\-2. 
This suppressed any radiation evolution and allowed the ra- 
diation pulse to propagate into 'fresh' electrons. Although 
perhaps not strictly physically valid it does allow for a ten- 
tative preliminary investigation of the propagation charac- 
teristics of short high power pulses and is also similar to 
radiation pulse evolution over a large number of passes in 
a FEL oscillator. 

In figure 1 we plot the scaled radiation power and the 
electron phase-space at an intermediate distance f = 30 
through the interaction region. It can be seen that the radi- 
ation pulse centre initially at f 1 = 1 at f = 0 has propa- 
gated through the electron pulse to 21 w f = 30 and with 
a peak scaled power amplified to w 6x that at the begin- 
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Figure 2: The scaled radiation power |^| ^ as a function of 
scaled pulse position zi for a scaled distance through the 
interaction region ofz = 50. 

ning of the interaction. The radiation pulse shape has been 
transformed from the rectangular shape to that suggesting 
a superradiant type spike [1]. The electrons react strongly 
in their interaction with the radiation spike and some may 
lose a large fraction of their initial energy to it. The elec- 
trons centred around zi « 15 with large negative p have 
experienced a rapid deceleration to a mean of « 0.2 of their 
original energy and rapidly propagate to negative values of 
zi and out of the main body of the electron pulse. This de- 
celeration and ejection of electrons from the pulse is a peri- 
odic feature of the radiation spike/electron interaction and 
occurs at the wiggler period. Figure 2 shows the scaled ra- 
diation power in a narrow window about the radiation spike 
at the end of the interaction ^ = 50. The peak power is now 
a factor w 10 greater than that at the beginning of the inter- 
action and the pulse width (FWHM) is seen to be w 0.25 of 
a radiation period. This very short pulse will clearly have 
different interaction dynamics with the electrons than that 
usually associated with the FEL interaction with a SVEA 
field where the transfer of energy from electron to radia- 
tion is considered a 'slow' process with one complete ra- 
diation wavelength passing over a resonant electron in one 
wiggler period. For very short radiation pulses the greatest 
rate of energy transfer between electrons and radiation will 
clearly be at the radiation spike. If this spike has duration 
less than a radiation period then it may only extract energy 
from the electrons during a fractional interval of the wig- 
gler period when 7 oc vj, ■ E < 0. This may tentatively 
explain why, when radiation pulse lengths become shorter 
than the radiation period, the electrons are seen to loose 
energy in 'bursts' at the wiggler period as seen in figure 1. 

We also include a simulation using an averaged model 
in the Compton limit [1]. We attempted to model the very 
short pulses generated with the above parameters by sam- 
pling the electron pulse at a sub-wavelength interval. We 
used 10 sample points per ponderomotive period and aver- 
aged about each sample point over a ponderomotive period. 

Figure 3: The scaled radiation power |yl|^ of the averaged 
model as a function of scaled pulse position f 1 for a scaled 
distance through the interaction region of 2 = 50. 

Each interval of A^i = A-irp was therefore modelled by 
10 overlapping but mutually non-interacting ponderomo- 
tive potentials. This averaged model result for the equiva- 
lent of the unaveraged model's figure 2 is shown in figure 3. 
It can be seen that, whereas for the unaveraged case of fig- 
ure 2 where the original rectangular pulse has been ampli- 
fied (50 < zi < 52), for the averaged case of figure 3 
the original rectangular pulse (50 < zi < 52) appears 
to have been modulated with the growth of a less intense 
pulse appearing in its wake (48 < f 1 < 50). This method 
of sampling at sub-period intervals appears to allow mod- 
elling of sub-period phenomena. However such a model is 
not physically valid as made clear in the comparison be- 
tween figures 2 and 3. 

CONCLUSIONS 

A model has been derived that should allow the analysis 
and numerical modelling of high power radiation spikes in 
a FEL. It will be apparent that the numerical simulations 
presented here are of a preliminary nature and that much 
work remains to be carried out. Nevertheless, some in- 
teresting results have come to light, particularly the burst 
mode of interaction between the electrons and a sub-period 
radiation spike. 
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Abstract 
A multiple cell 1.3 GHz room-temperature 

photoinjector is under design for the MIT Bates x-ray 
laser project. The design features include tunable 
intercavity phase shifts allowing separate phasing of the 
cells for velocity bunching of the beam in the following 
drift, and optimization of cell shape for high shunt 
impedance and low wall power density. Beam dynamics 
are studied for charges ranging from 0.1 to 1 nC using a 
model, non-ideal laser profile shape. It is shown that 
collective effects at the high end of the range cause loss of 
beam brightness. 

INTRODUCTION 
MIT is studying the possibility of building an x-ray 

laser user facility [1] based on a seeded free electron laser. 
The facility would have up to 30 beamlines and be driven 
by a superconducting linac based on TESLA structures 
[2] producing a ~4 GeV electron beam. The range of 
wavelengths produced will be from 100 to 0.3 nm. 

The current design foresees using a room-temperature 
copper RF photoinjector operating at repetition rates up to 
10 kHz, and a cesium telluride cathode. Initial design of 
the RF structure using SUPERHSH is presented in the 
section below. Following that section, simulations of 
beam dynamics with the PARMELA code are presented. 

These simulations differ from many others in that we 
do not assume the nearly ideal drive laser distribution 
having sub-ps rise and fall times and a flat top. The 
flattop distribution is ideal because it produces linear 
space charge forces that do not cause emittance growth or 
fast timescale modulation of the transverse and 
longitudinal electron beam properties. When the flattop 
distribution is used, the injector performance can be 
optimized by matching the beam onto the invariant 
envelope [3], which relies on linear space charge forces to 
perform emittance correction. The drawback to this 
approach is that the flattop distribution has been difficult 
to produce in practice, leading to photoinjector 
performance that falls short of simulation predictions. 
This is due to local in time modulations of the electron 
beam properties due to modulation of the initial charge 
distribution. Fig. 1 shows our model laser profile 
consisting of a distribution with both fast and slow 
modulation. The details of the modulation are less 
important than finding an operating mode for the injector 
that does not depend on the detailed distribution to meet 
its performance goals. 

Figure 1: Model laser profile showing 2 ps rise time, and 
both slow and fast modulations. The fast modulation is 
+/- 5% amplitude with 2 ps period. 

M 

Figure 2: SUPERHSH model of 2 1/2 cell injector with 
short gap in 1/2 cell 

RF STRUCTURE DESIGN 
The shape of the 1.3 GHz RF structure is shown in Fig. 

2. The cells are uncoupled, and each is independently 
powered to optimize its separate phasing and peak field. 
Cell shapes are designed to provide high shunt impedance 
and low peak wall power density. This is a high repetition 
rate injector, operating at up to 10 kHz. The important RF 
design parameters are sununarized in Table 1. 

Table 1: RF parameters. 

Quantity Vicell FuUcen 

Peak gradient 80MV/m 60MV/m 

Peak power 1.4 MW 2.7 MW 

Max wall power density 41 W/cm'^2 34 W/cm'^2 

Q 16140 27870 

Rs*Q 151 Ohm 262 Ohm 

r/Q 242 Ohm 224 Ohm 

0-7803-7738-9/03/517.00 © 2003 IEEE 
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0.1 nC 0.5 nC InC 

Figure 3: Left, middle, and right columns show electron beam properties vs timeslice for 0.1,0.5, and 1.0 nC 
respectively. The slice beam properties evidently deteriorate due to space charge interaction as the charge is increased. 
Rows 1-4 show longitudinal beam properties, and rows 5-8 show transverse properties. 
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The power values in Table 1 assume 1% duty factor. 
The average current is low, approximately 1 [lA, so that 
the structure is not significantly loaded by the beam. The 
re-entrant cavity design has better RF properties 
compared with the pillbox design in common use for RF 
photoinjectors. There has been some concern that the 
shapes create nonlinear radial fields that could cause 
emittance growth. In our studies, for beam sizes of ~2 
mm, the fields are quite linear and no emittance growth is 
detected. 

BEAM DYNAMICS 
The initial beam distribution for each column of fig. 3 

is shown in fig. 2. The charge was varied, but the initial 
pulse length and time profile held constant. The solenoid 
setting for each charge was adjusted to produce nearly 
optimum beam properties at the end of a 3 m drift 
following the injector exit. Each of the figures is of the 
beam properties at the end of this drift. The PARMELA 
input file was carefully constructed to vary the space 
charge mesh and time step to track the (nonrelativistic) 
birth of the beam from the cathode. Each run used 50k 
simulation particles with 100 longitudinal mesh points. 
The transverse distribution was uniform with a hard edge 
at 0.75 mm radius. Peak cathode gradient was 80 MV/m. 
The cells were phased for near on-crest acceleration. 
MATLAB code is used to generate the initial 6D 
distribution [4], including initial RMS normalized thermal 
emittance of 0.3 jim. 

The linear correlation in energy and time (row 1 of fig. 
3) was created by delaying the launch phase to give the 
bunch head a higher energy. This creates a distribution at 
the gun exit with symmetry in the Twiss parameters at the 
head and tail of the bunch (rows 7 and 8). Examining the 
plots in each column of fig. 3, the evolution of the slice 
bunch properties from non-space charge dominated case 
of 0.1 nC (left column) through the space charge 
influenced case of 1 nC (right column) is apparent. The 
energy/time plots in row 1 evolve from the highly linear 
correlation for 0.1 nC to a distorted, stair-stepped 
distribution for 1 nC. The steps are caused by the 5% fast 
modulation on the laser profile. Row 2 shows the current 
profiles. The original laser profile is reproduced 
accurately in the low charge case, but space charge has 
smoothed the 1 nC profile, resulting also in higher slice 
energy spread (row 3). The transverse beam properties 
are also strongly affected by the time modulations. The 
symmetric distributions shown in the low charge case of 
rows 5, 7, and 8 are due to time-varying RF forces. This 
distortion is repeatable and correctable [5] at high energy. 
The non-symmetric distortion for the high charge case is 
only partially con-ectable. In addition, while the 0.1 nC 
bunch preserves the 0.3 ^m initial thermal emittance in 
each slice (row 6), the high charge case does not. This 
instantaneous emittance growth cannot be reversed 
through solenoid emittance correction.    The projected 

normalized emittance printed on these plots also 
illustrates the large twist in phase space that occurs at high 
charge. This is the twist that emittance corrections 
schemes are designed to remove, however the 
asymmetries in the head and tail of the bunch complicate 
its application for this beam distribution. 

The 6D beam brightness can be defined as 

where Q is the charge and ego is the 6D normalized 
emittance defined as 

£6D = rVdet(cov([xx'yy'tE])) 
in units of jim^-ps-MeV. The 6D emittances for 0.1, 0.5, 
and 1 nC are 0.0054, 0.13, and 0.41 |xm^ ps MeV 
respectively, showing the much more compact phase 
space volume of the low charge case. The corresponding 
brightness figures are 18.5, 3.9, and 2.4 nC/(|im^-ps-MeV) 
showing that the low charge case has a higher phase space 
density by nearly an order of magnitude despite an order 
of magnitude less charge. The key point is that by 
running the injector at low charge, the phase space is 
preserved even in the presence of an imperfect initial 
distribution. The parameters that are important for the 
PEL are emittance, energy spread, and peak current. The 
injector should be designed to produce best emittance and 
energy spread, while the peak current is generated by 
compression at high energy. 

CONCLUSIONS 
The RF design for an efficient 2 Yi cell photoinjector 

operating at kHz repetition rates has been presented. 
Beam dynamics studies that include a less than ideal laser 
distribution point toward operation of the photoinjector in 
a non-space charge dominated regime to preserve the 
initial low thermal electron beam emittance in the 
presence of time modulations. 
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Abstract 
The performance of an x-ray free electron laser can be 

substantially enhanced if a coherent seed source is used to 
provide sufficient initial power that it dominates the 
spontaneous emission in the early part of the undulator. 
The PEL output then becomes an amplified reproduction 
of the input seed having, under certain conditions, the 
same pulse length and bandwidth. For studies of 
molecular and atomic time dynamics the pulse length may 
be very short, reaching below 1 fs with a transform 
limited bandwidth of a few tenths of a percent. For 
spectroscopy and diffraction experiments the beam may 
alternatively be made monochromatic at the level of one 
part in lO' or better, with a pulse length of tens of 
femtoseconds. Simulation studies of seeded PEL 
performance at 0.3 nm using the code GMGER are 
presented. 

INTRODUCTION 
The first generation of x-ray lasers based on single-pass 

free electron laser amplifiers have been approved for 
construction [1,2], and will operate on the principle of self 

amplification of spontaneous emission (SASE) wherein 
the electron beam amplifies its own initial spontaneous 
emission. SASE radiation has the advantage of being 
self-starting, that is, it does not amplify an initial radiation 
seed pulse. However, the output (right column of Fig. 1) 
has a spiky structure in time and frequency. It is not 
longitudinally transform limited, and suffers from large 
shot-to-shot fluctuations in power and wavelength. 

longitudinal coherence may be achieved if a coherent 
seed radiation pulse is introduced. If the seed power 
dominates the spontaneous emission, then the coherence 
and timing properties of the seed will be accurately 
amplified by the PEL. While conventional lasers are 
attractive as seed sources in the IR, visible, and UV 
wavelength ranges, strong absorption in materials of 
shorter wavelength light has until recently prevented 
emergence of a candidate seed in the x-ray regime. 

High harmonic generation of seed power 

Two technologies have recently demonstrated 
experimental results that show promise for future 
generation of fully coherent x-ray PEL output. The first 
of these  is  the  generation  of high  harmonics of a 
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Figure 1: Time dependent GINGER simulations for 3 different initial conditions of 0.3 nm PEL. Top row shows 
PEL pulse time profile for, from left to right, seeding from a short pulse, seeding from a temporally coherent long 
pulse, and SASE. The bottom row shows the spectrum associated with each time profile above it. Short pulse 
PWHM is 0.75 fs from a 50 fs ebeam pulse. Narrow bandwidth seed produced 10"^ relative linewidth. 
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conventional laser in a noble gas jet [3]. Very broad 
bandwidth TirSapphire lasers operating near 800 nm now 
generate few fs, few cycle output pulses with very high 
peak fields. The pulse is focused into a gas jet where the 
high electric field briefly ionizes the atoms before passing 
and allowing the electron to re-collide with the nucleus 
creating a short burst of bremsstrahlung at many high 
harmonics of the 800 nm. Harmonics as short as 3 nm 
have been achieved, but the best power is in the 
wavelength range of 10 - 30 nm. This process is known 
as high harmonic generation (HHG). Power in a 
particular harmonic may be optimized by pulse shaping of 
the drive laser. The pulse energy produced by HHG has 
been limited to a few nJ, which will improve as the 
technique develops. Even this low energy, in a 
sufficiently short pulse, is adequate to seed the PEL 
process. 

High gain harmonic generation FEL 
Although HHG radiation is much shorter wavelength 

sources, it is still an order of than other laser-based 

0.2      0.4      0.6      0.8        1 
Pulse length (ps) 

Figure 2: Transform limited bandwidth for 
different pulse lengths at 0.3 nm wavelength. 
Energy resolution of meV is possible without the 
need for monochromaters. 

10 10 
Wavelength (m) 

10 

Figure 3: Minimum pulse lengths possible 
for different wavelengths. The FEL has 
sufficient gain bandwidth to support pulse 
lengths less than I fs at 0.3 nm wavelength. 

magnitude or two longer than required for x-ray seeding. 
This problem has been addressed by the second important 
technology demonstration, which is an FEL technique that 
produces coherent short wavelength output from a long 
wavelength seed. 

When an electron beam is bunched in an undulator, the 
bunching spectrum contains harmonics of the 
fundamental frequency. We can take advantage of these 
harmonics to lase at shorter wavelengths than the input 
seed using the method of high-gain harmonic-generation 
(HGHG) [4]. In this method an electron beam is resonant 
in a fu-st undulator with a long wavelength seed, then the 
microbunching of the beam is optimized to produce 
harmonic radiation in a second undulator tuned to that 
harmonic. The primary role of the first undulator is to 
produce energy modulation in the electron beam rather 
than radiation. This energy modulation is converted to 
temporal bunching optimized for a particular harmonic in 
a dispersion section consisting of a magnetic chicane. 
The coherently bunched electron beam radiates at the 
harmonic frequency in the second undulator, and the pulse 
energy grows exponentially until saturation is reached. 

The description above is of a single-stage HGHG 
system. This technique has been successfully 
demonstrated in the IR [5] and UV [6] at BNL. The 
recent experiments in the UV seeded the electron beam 
with 800 nm light and lased at the 266 nm 3'^ harmonic. 
The radiation output reached saturation in a substantially 
shorter distance than possible with SASE, and showed die 
expected improvements in bandwith, coherence, and 
stability compared with SASE. A single-stage device can 
typically lase at the 2"" - 5* harmonic. To achieve shorter 
wavelengths, multiple stages are required, a technique 
referred to as cascaded HGHG. Soft x-ray FELs proposed 
at BESSY [7], Lawrence Berkeley Lab [8], and MIT [9] 
all plan to use HGHG to produce coherent output. 

SEEDING STUDIES 
As a guide for numerical studies of seeded FEL output, 

semi-analytical estimates of the best achievable 
bandwidth and shortest pulse lengths are shown in figures 
2 and 3. The separate curves in fig. 3 use the numerical 
FEL performance parameterization of Xie [10], and are 
optimized as a function of wavelength. Figure 2 is a 
simple analytical estimate of transform limited bandwidth 
at 0.3 nm. 

Time dependent runs of the GINGER FEL code [11] 
have been performed to numerically verify the estimated 
performance. These runs do not model the entire HGHG 
process from long wavelength seed to final FEL output, 
but rather assume a particular input seed power and pulse 
length at the entrance of the final radiator section and 
study the FEL gain and pulse properties. A simulation 
model of the entire cascaded FEL process is under 
development and will be reported in the future. 

The electron beam properties for these runs were 0.8 
[im RMS normalized emittance, lO""* relative energy 
spread,  and 2 kA peak current, consistent with die 
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Figure 4: Top plot shows theoretical pulse length 
achievable for chirped pulse amplification using 
FEL. Bottom plot shows peak power. 

proposed MIT source [12]. The FWHM of the electron 
beam was approximately 50 fs for a total charge of just 
100 pC. Figure 1 shows the spectrum and pulse length for 
both seeded and SASE FEL output at 0.3 nm. The left 
column of the figure shows a simulation output of the 
FEL when seeded with a short input pulse. The seed 
parameters for this case are FWHM of 0.5 fs and 10 MW 
peak power for total pulse energy of 5 nJ. The output 
pulse length was 0.75 fs FWHM with a nearly transform 
limited bandwidth indicating good coherence and limited 
pulse stretching due to slippage of the electron beam 
relative to the radiation. Saturation length is 20 m to 
produce peak power of 2 GW and total pulse energy of 
1.5 nJ, much shorter than the 59 m required for SASE 
saturation at the same power. Note that although the peak 
power is the same as SASE, the total pulse energy is 
lower because of the short pulse length. 

The middle column of figure 1 shows a GINGER 
simulation of a bandwidth seeded FEL at 0.3 nm. In this 
case the seed pulse energy was still 5 nJ but the pulse 
length was 50 fs to overlap the full electron beam. The 
FWHM of the output spectrum is 10"^ in good agreement 
with the analytical estimate. The bandwidth seeded FEL 
produces the same peak power and pulse energy as the 
SASE output, but the bandwidth is nearly two orders of 

magnitude narrower, producing a much brighter beam 
with all photons in the same mode. 

CfflRPED PULSE AMPLIFICATION 
In the absence of a time/frequency correlation (chirp), 

the minimum pulse length achievable is determined by the 
gain bandwidth of the FEL. By imposing a chirp on the 
input seed laser pulse, and a matching time/energy 
correlation on the overlapping electron beam it is possible 
to produce a high power output pulse with the same chirp 
as the input. This output x-ray pulse may then be 
compressed with a grating or asymmetrically cut crystal 
to compress in the same manner as chirped pulse 
amplifiers are used for conventional lasers in the visible 
and IR. Figure 4 shows the minimum pulse length and 
maximum peak power versus wavelength for a pulse 
having a 6% chirp (3% electron beam chirp), and 
assuming that it can be fully compressed. The maximum 
amount of compression possible is determined by the ratio 
of chirp amplitude to FEL bandwidth. In practice, effects 
such as slippage, phase distortions in the FEL gain 
process, and nonlinearities in the x-ray compressors will 
limit the maximum compression to a smaller value. 
However it may be possible to generate sub-fs pulses with 
peak powers approaching 1 TW. 
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MICROBUNCHING INSTABILITY IN BUNCH COMPRESSORS 
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Abstract 

For a realistic gain estimation of the CSR microbunch- 
ing instability, we describe limitations of the current gain 
estimation methods in detail and several smearing effects 
which we do not consider yet. 
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INTRODUCTION 

Unlike the normal CSR which may dilute the projected 
transverse emittances in a bunch compressor (BC), CSR 
may also be generated for a wavelength much shorter than 
the bunch length if the bunch has a periodic modulation 
in its current or energy profile before the bunch compres- 
sor [l]-[4]. In this case, the initial amplitude of the mod- 
ulation can be amplified by CSR in the BC, and the slice 
emittances and the slice energy spread can be increased by 
the amplified microbunching [2], [5]. This is called the 
CSR microbunching instability in bunch compressors [2]- 
[5]. Since the slice emittances and the slice energy spread 
should be small enough for SASE FEL's, the CSR mi- 
crobunching instability which dilutes the slice parameters 
is an important issue and is still under deep study [2]-[6]. 
The gain of the CSR microbunching instability is defined as 
the ratio of the final amplitude of the modulation after com- 
pression with respect to the initial amplitude of the modula- 
tion before compression [4]. Although new gain-increasing 
effects such as the short range wakefield in the linac and the 
longitudinal space charge force were recendy reported, the 
estimated gain is still somewhat over-estimated [5], [6]. In 
this paper, we describe limitations of the current gain esti- 
mation methods in detail and the several smearing effects 
which we do not consider yet. 

GAIN OF CSR INSTABILITY 

According to Ref. [4], the gain G of the CSR mi- 
crobunching instability due to the charge density or current 
modulation is given by 
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where A is the initial modulation wavelength before the 
BC, i?56 is the momentum compaction factor of the BC, 
h = dS/dz is the chirping constant where S is the rela- 
tive energy deviation dE/E, asu is the uncorrelated rel- 
ative rms energy spread, enx is the normalized horizontal 
rms emittance, Ipk is the peak current after compression, 
and 7 is the Lorentz factor. Others are defined in Ref [4]. 

In order to estimate the gain of a single chicane which 
can generate a high peak current, we have applied Eq. (1) 
to a model chicane used at the CSR workshop [7]. In the 
case of a cold beam with €„x = 0 and asu = 0, its gain is 
high as shown in the red line of Fig. l(left). But the gain 
can be damped at small A if asu is increased to 2.0 x 10~^ 
as shown in the green line of Fig. l(left) [8]. For the case 
enx = 1.0 /im and asu = 2.0 x 10~^, the gain is signifi- 
cantly reduced as shown in die blue line of Fig. l(left) [4]. 

Recentiy, it was found that the signs of i?56 and h for the 
gain estimation were different with tiiose for the CSR cal- 
culation [4]. After correcting the wrong signs of iise and 
h, the gain becomes smaller than 7 as shown in the ma- 
genta line of Fig. l(left) [4]. If o-^^ is 9.5 x 10"^ which 
is close to the uncorrelated energy spread due to the intra- 
beam scattering in the linac agujBS, the gain is about 5 as 
shown in Fig. I(right) [9]. For the case asu = 5.0 x 10-^ 
the gain is around 1 although Ipk is 6.0 kA. If agu is in- 
creased up to 1.0 X 10"^ which is close to tiie allowable 
maximum value for the SASE FEL saturation, the gain be- 
comes smaller than 1. In the case of a single chicane, a 
nonzero asu and €nx can effectively suppress the CSR mi- 
crobunching instability altiiough the peak current is high 
enough [4], [8], [9]. Note that we have some margin in 
asu but the margin of enx is small in suppressing the CSR 
microbunching instability [2]. 

LIMITATION AND SMEARING EFFECT 

Originally, the microbunching instability due to CSR in 
the bunch compressor was found by ELEGANT during the 
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Figure 1: Gain of a model chicane as a fiinction of the mod- 
ulation wavelength A. Here all used parameters are sum- 
marized in Table 1 where four numbers in a column are the 
parameters of red, green, blue, and magenta lines, respec- 
tively. More details can be found in Ref. [7]. 

Table 1: Parameters of model chicane used in Fig. 1. 

Parameter     Unit Fig. l(left) Fig. 1 (right) 

energy JE GeV 
kA 

5.0 
6.0 

RS6 mm -25,-25,-25, +25 +25, +25, +25, +25 
h m-i +36, +36, +36, -36 -36, -36, -36, -36 

em fim 0.0,0.0,1.0,1.0 1.0,1.0,1.0,1.0 

"Su io-« 0.0,2.0, 2.0, 2.0 9.5, 25,50, 100 
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Figure 2: ELEGANT results of SCSS BC at the Phase-II 
stage with 5 x 10^ macroparticles (upper row) and 2 x 10^ 
macroparticles (lower row): (left colimm) population fre- 
quency versus the relative energy deviation after the BC 
(right column) longitudinal phase space after the BC. Here 
all initial conditions except the macroparticle number are 
the same for two cases. The main parameters are summa- 
rized in Table 2, and others are summarized in Ref. [1]. 

start-to-end simulation for the LCLS project [2]-[3]. Now 
ELEGANT as well as the analytical formulas are used in 
estimating the total gain of the CSR microbunching insta- 
bility for the entire FEL driver linac. However a special 
attention is needed when we estimate the gain by the track- 
ing code. If an initial distribution is generated by a random 
number generator, and the number of simulated macropar- 
ticles in a bunch is too low, the modulation can be amplified 
by a factor y/Nb/Nm where Nh is the actual number of 
electrons, and Nm is the number of simulated macroparti- 
cles in the bunch [8]. Although we use a quiet-start method 
based on Halton sequences to reduce the niunerical noise in 
ELEGANT simulation, a modulation in the energy profile 
is artificially generated as shown in the upper two plots of 
Fig. 2. Here the bin number for the CSR calculation is 600 
for the two cases [3]. TraFiC" also has a similar noise. 

When the bunch length is compressed in the BC, the 
initial uncorrelated energy spread before the btmch com- 
pressor asu,i is increased by the compression factor C — 
(1 -I- hR5e)~^ due to the conservation of the longitudi- 
nal emittance. Generally, CSR induces a correlated energy 
spread along the bunch length during compression. How- 
ever an uncorrelated energy spread may also be generated 
by quantum diffusion due to incoherent synchrotron radia- 
tion (ISR) and CSR. According to an ELEGANT simula- 
tion with consideration of ISR and CSR, the uncorrelated 
energy spread after the bunch compressor asuj is much 
higher than C x asu,i as shown in Fig. 3 and summarized 
in Table 2. In the case of the SCSS BC at the Phase-II stage, 

Table 2: Parameters of SCSS bunch compressor. 

Parameter Unit Phase-I Phase-n 
E MeV 230 218 
single bunch charge Q nC 1.0 1.0 

hk kA 0.5 2.0 
compression factor C 4 S 

^nx /xm 1.5 1.5 

"SuJBS 10' 9.5 9.7 

"Su.i 10-5 5.4 5.7 

"SuJ 10-5 25 58.4 

C5u,SR 10-5 3.4 12.8 

the uncorrelated energy spread growth due to ISR and CSR 
<^Su,SR = (Tsuj - C X asu,i is about 12.8 x 10~^. In this 
paper, we used the sixth order polynomial fitting to remove 
the correlation, and the estimated asuji^ not changed sig- 
nificantly though we increase the fitting order up to ten. 
Note that only the asu growth due to compression is con- 
sidered in the analytic gain estimation formula as shown 
in Eq. (1). If the peak current is not small, the uncorre- 
lated energy spread growth due to ISR and CSR should be 
also considered in estimating the gain of the CSR instabil- 
ity with the analytic gain estimation formulas. 

For the LCLS start-to-end simulation, PARMELA is 
used to consider the space charge (SC) force before the first 
bunch compressor. Then ELEGANT is used from the first 
bunch compressor without consideration of the SC force. 
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Figure 3: ELEGANT results with 2 x 10® macroparticles: 
change of the uncorrelated energy deviation dE^ in the 
SCSS BC Phase-I (left) and Phase-II (right). Here ved and 
green dots are dE^ before and after the BC, respectively. 

However according to the recent ASTRA trackings up to 
the TTF-2 second bunch compressor (BC3) without con- 
sideration of CSR, if the bunch length is compressed, the 
effects of the nonlinear space charge force is not ignorable 
though the beam energy is high [10]. Before the first bunch 
compressor, we consider the SC force, and the estimated 
uncorrelated rms energy deviation due to the SC force 
(d-E„,sc)rms is about 3.1 keV for Q = 1.0 nC as shown 
in Fig. 4(upper left) and summarized in Table 3. If we ig- 
nore the SC force from the first bunch compressor, agu^sc 
is not increased although the bunch length is compressed as 
shown in Fig. 4(upper right). Note that the uncorrelated en- 
ergy spread growth due to compression by a factor C = 8 is 
already subtracted in Fig. 4, and asu,sc and (dK,sc)rms 
are only due to the SC force. When the SC force is consid- 
ered after the bunch compressor, CTSU,SC is increased about 
2.5 times as shown in Fig. 40owerleft). Although the beam 
energy is increased up to about 441 MeV where the second 
bunch compressor (BC3) will be located, (d£;„,sc)rms is 
still around 7.7 keV as shown in Fig. 4(lower right). In this 
case, (Tsu,sc is decreased due to the increased beam energy 
or acceleration. Since the smearing effect due to the non- 
linear space charge force in the linac is not considered in 
analytic formulas as well as in ELEGANT, their estimated 
gains are somewhat over-estimated in the linac. In the 
case of new gain-increasing effects such as the short range 
wakefield in the linac and the longitudinal SC force, it is 
also assumed that there is no uncorrelated energy spread 
growth in the linac [5], [6]. 

SUMMARY 

In the case of a single chicane, the gain of the CSR mi- 
crobunching instability is small for a beam with nonzero 
enx and (TSU- Although a modulation is amplified in the 
bunch compressor, it may be small or smeared out in the 
linac by various uncorrelated energy spread sources such 
as ISR and CSR in the BC and the intrabeam scattering and 
nonlinear space charge force in the linac. We expect that 
the total gain of the CSR microbunching instability for the 
entire FEL driver linac will not be high. 
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Figure 4: ASTRA trackings from the cathode with 5 x 10^ 
macroparticles for dEu estimation around the TTF-2 first 
bunch compressor (BC2) located at 20.88 m [10]: (upper 
left) before BC2 with the SC force, (upper right) before 
ACC2, with the SC force before BC2 then without the SC 
force from BC2 to ACC2, (lower left) before ACC2 with 
the SC force, Oower right) before BC3 with the SC force. 
The main parameters are summarized in Table 3 where four 
numbers in a column are the parameters of (upper left), (up- 
per right), (lower left), and (lower right), respectively. 

Table 3: Parameters of TTF-2 used in Fig. 4. 

Parameter Unit Value 
B MeV 122, 122,122,441 
bunch length Cz mm 1.9,0.23,0.23,0.23 
beam size ar mm 0.2,0.3,0.3,0.3 
f-nx jum 1.87,1.91,1.98,2.14 
longitudinal position m 20.8, 38.0, 38.0,63.6 
space charge force on, on until 20.8 m then off, on, on 
(dSu,Sc)nns keV 3.1,3.2,8.0,7.7 
''Su,SC 10-' 2.5,2.6,6.4,1.8 
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Abstract 

In bunch compressors for SASE-FEL facilities, the pro- 
jected transverse emittance can be diluted by magnetic 
multipole component errors in dipoles and dipole misalign- 
ments as well as by coherent synchrotron radiation (CSR). 
In this paper, we describe the multipole field tolerances and 
the misalignment tolerances of the first bunch compressor 
(BC2) for the TESLA Test Facility Phase-2 (TTF-2). 

INTRODUCTION 

In SASE-FEL and linear collider projects such as TTF- 
2, TESLA X-ray FEL, and TESLA linear collider, a high 
quality beam with small transverse emittance and high peak 
current should be supplied in order to achieve a saturation 
and a high brightness of SASE sources and a high luminos- 
ity of colliding beams. Generally, CSR is the main source 
of the transverse emittance growth in a bunch compressor 
(BC). However we can control the emittance growth due to 
CSR by several methods [1]. Since bending magnets may 
have magnetic multipole components as well as the dipole 
component, the transverse beam emittance can be diluted in 
a high dispersion region such as the magnetic chicane. Be- 
sides the multipole components, the transverse emittance 
can be diluted by the dipole field strength error and magnet 
misalignment errors. To control the emittance growth in 
the BC, bending magnets should be fabricated and aligned 
within their tolerances. We have used ELEGANT code to 
consider CSR induced emittance growth in investigating 
the multipole field, misalignment, and rotational tolerances 
of the TTF-2 first bunch compressor (BC2) [2]. 

TOLERANCES INVESTIGATION 

Multipole Component Tolerances with CSR 

The vertical magnetic field of a bending magnet in the 
horizontal middle plane can be expanded in a series of mul- 
tipoles, which is given by 

oo n °° n 

n=0 n=0 

= E^" (a; -t- iy)" 

n=0 

Bo + {Bop)Kix + IJBOP)K2X^ + ..., 

y=o 
]_ 

2V 

X T '7* 
=   6o + &i--H&2-^ +63^-1-. (1) 

where x and y are the horizontal and vertical coordinates 
whose origin is the center of the bending magnet, a is the 
reference radius of expansion, and p is the bending radius 

[3]. Here BQ = &o = ^y{^'>y)\x=o,y=Q '^ *^ magnetic 
field at the origin, and it is also given by po/pg where po is 
the momentum of the reference particle, and q is the parti- 
cle charge. The momentum-normalized multipole compo- 
nent Kn is given by 

Kr,= 
1    a"B^ Bn ^ 

Bop ~ Bop   aa;" 
n! 

x=y=0 Sop a" "■ 
(2) 

If we choose that a is the half gap height between the mag- 
net poles and estimate the field error at a horizontal middle 
point with x = a and y = ^,By{x = a, 0) is given by 

By{a, 0) = 60 + &i -I- 62 + 63 + 64 -^ ... (3) 

At the estimation point (a,0), the quadrupole, sextupole, 
octupole, and decapole component errors with respect to 
the dipole component 60 are defined as 

QM 

BM 
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We have swept K„ for each dipole with ELEGANT includ- 
ing CSR wakefields while monitoring the projected trans- 
verse normalized emittance growth at the end of the bunch 
compressor. From Eqs. (4), (5), (6), and (7), the tolerance 
of the multipole strength error can be determined hy a. Kn 
which gives 2% emittance growth [2]. 

Misalignment Tolerances 

With the help of the method described in the previous 
section, we can determine the multipole component toler- 
ances. For the misalignment tolerance investigation, we 
have assumed that all dipoles have multipole component 
errors about 60% of the tightest tolerances. Under those 

0-7803-7738-9/03/$17.00 © 2003 IEEE 965 
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Table 1: Parameters of TTF-2 BC2. 

Parameter Unit Value 
initial beam energy E MeV 121 
initial projected energy spread ag % 1.0 
initial unconrelated energy spread asu 10-5 5.0 
initial horizontal emittance enx,i ixm 1.32 
initial vertical emittance eny,i //m 1.32 
final horizontal emittance e^xj fim 2.18 
final vertical emittance eayj fim 1.34 
bunch charge Q nC 1.0 
initial rms bunch length az,i mm 2.1 
final rms bunch length a^j mm 0.3 
momentum compaction factor /fee mm 180.6 
bending angle 6 deg. 18.0 
maximum horizontal dispersion % mm 346.1 
maximum horizontal beam size oi mm 3.47 
bending radius p m 1.62 
pole width mm 200 
vacuum chamber width mm 135 
dipole geometric length mm 500 
half gap height between poles a mm 12.5 

artificial multipole component errors, we have tracked an 
electron bunch in the bunch compressor. By increasing the 
horizontal misalignment error Ax, vertical misalignment 
error Ay, or the rotational misalignment error A(j) while 
monitoring the projected transverse emittance growth, we 
can determine the misalignment tolerances. If we can use 
the real measured multipole component errors instead of 
our assumed 60% magnitude, the misalignment tolerances 
will be estimated more precisely. 

TOLERANCES OF TTF-2 BC2 

BC2 Beamlinefor Tolerance Investigation 

We have investigated the tolerances of TTF-2 BC2 for its 
nominal operation conditions. Since the 3rd harmonic cav- 
ity will be turned on for the nonlinearity compensation in 
the longitudinal phase space during the nominal operation, 
the beam is decelerated from 136 MeV to 121 MeV [1], 
[4]. The main parameters of BC2 used in this investigation 
are summarized in Table 1. Here all energy spreads are 
the rms relative values, and all emittances are the projected 
transverse normalized rms values. For the tolerance inves- 
tigations, we have used an optimized BC2 lattice shown in 
Fig. 1, where /3-functions are asymmetric around the chi- 
cane, and a-functions are close to zero at the fourth dipole 
magnet (DM4). This asymmetric lattice helps in reducing 
the CSR induced projected horizontal emittance growth in 
the bunch compressor [1]. Although we have optimized the 
chicane beamline, €„x is increased to 2.18 /xm at the end 
of the bunch compressor. However e„j, is not significantly 
increased because the vertical CSR force is weak enough 
under the condition that the vertical dispersion ?? j, is zero. 

0.5 100 

80 

r. 

0.4 

„0.3 60 

-0.2 ..J' 40 

0.1 20 

0.0 0 / 

123456789 
s   (m) 

Figure 1: Beamline of TTF-2 BC2. 

Quadrupole components in a bending magnets dilute the 
horizontal emittance because the horizontal dispersion is 
changed. Without consideration of CSR, the analytical for- 
mula of the quadrupole component tolerance is given by 

< _1 a_   /2e^ Ae, 
-7^ h (8) 

where e^o is the initial projected horizontal emittance and 
Ae^; is the projected horizontal emittance growth [5]. From 
Fig. 1 and Eq. (8), we can expect that the quadrupole com- 
ponent tolerances of the second and third dipoles (DM2 
and DM3) will be tighter than those of the first and fourth 
dipoles (DM1 and DM4) because 77^; is highest at DM2 and 
DM3. And the quadrupole component tolerance of DM1 
will be tighter than that of the DM4 because /3a: is higher 
at DM1 although the horizontal dispersion is the same at 
DM1 and DM4. 

Sexttipole components in bending magnets dilute the 
ti-ansverse emittance due to chromaticity and second order 
dispersion. Without consideration of CSR, the analytical 
formula of the sextupole component tolerance for the hori- 
zontal emittance growth is given by 

< 
1 

1^1 ^7^ Px    \ CxO 
(9) 

From Fig. 1 and Eq. (9), we can expect that the behavior of 
the sexttipole component tolerance will be similar to that of 
the quadrupole component tolerance. 

When a dipole magnet has a rotational error A<p, the hor- 
izontal magnetic field in the horizontal middle plane can be 
given by \By{x, 0) sin A(j>\ which generates a nonzero ver- 
tical dispersion rjy and a vertical emittance growth in the 
chicane. Without consideration of CSR, the analytical for- 
mula of the rotational error tolerance is given by 

where eyo is the initial projected vertical emittance and Aey 
is the projected vertical emittance growth [5]. Under CSR 
wakefields, the vertical CSR force becomes strong because 
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Table 2: Tolerances of TTF-2 BC2 for a = 12.5 mm. 

100        200        300        400 

Figure 2: ELEGANT simulation results at the TTF-2 BC2: 
(left) quadrupole component error versus tnx-, (right) sex- 
tupole component error versus ^ny Here red, green, blue, 
and magenta lines mean the projected transverse emit- 
tances at DM1, DM2, DM3, and DM4, respectively. 

r]y is not zero. Hence the projected vertical emittance is sig- 
nificantly increased when a dipole in the bunch compressor 
has a rotational error. From Fig. 1 and Eq. (10), we can 
expect that DM1 has the tightest rotational error tolerance 
because /3y is highest at DM1. 

Estimated Tolerances 

From Fig. 2, we have determined K^ and K^ which 
give 2% projected transverse emittance growth (Ae„x = 
0.0436 ins., Ae„y = 0.0264 ^m). Hence the quadrupole 
and sextupole component tolerances are determined from 
Eqs. (4) and (5). Other multipole component tolerances 
can be obtained by the same method and are summarized 
in Table 2 where left and right values in a column mean the 
tolerances for the horizontal and vertical planes, respec- 
tively, and smaller bold-faced numbers mean the tightest 
tolerances of them. 

Under artificial multipole component errors which are 
60% of the tightest tolerances, we have investigated the 
misalignment tolerances by tracking with consideration of 
CSR. From Fig. 3, we have determined misalignment tol- 
erances Ax, Ay, A , and A0 which give 2% projected 
transverse emittance growth (Ae„a; = 0.0421 /xm, Ae„y = 
0.0278 \ira). Their tolerances are summarized at the bot- 
tom of Table 2. Here transverse misalignment tolerances 
are tight at DM2 and DM3 because the multipole compo- 
nent tolerances are tight at those dipoles, and the longimdi- 
nal misalignment tolerance is large at DM4 because Q^; is 
close to zero at DM4. 

To determine the tolerance of the magnet power supply 
ripple A / , we have linked all four dipoles and applied 
the same error to them simultaneously. We should keep 
the magnetic power supply ripple smaller than 0.12% to 
control the emittance growth within 2%. 

SUMMARY 

We have investigated the magnetic multipole component 
tolerances and misalignment tolerances of dipole magnets 
for the TTF-2 first bunch compressor including the effect of 

Unit        DMl DM2 DM3 DM4 
A 0       %          0.26             0.8              0.8 1.8 

1 0 % 0.38,0.55 0.18,0.71 0.06,1.94 0.57, oo 

2 0 % 1.01,0.25 0.04,0.03 0.14,0.06 5.70,2.03 

3 0 % 16.9,6.33 0.39,0.18 0.14,0.36 70.3,60.6 

4 0 % 128,52.7 0.25,0.12 0.85,0.24 oo, 250 

A deg. 0.07 0.18 1.65 3.21 

A mm 11.2 1.8 5.6 12 

A mm 2.9 1.4 1.4 12 

A mm 1.6 5 6 12 

A %                                      0.12 
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Figure 3: ELEGANT simulation results at the TTF-2 BC2: 
(upper left) horizontal misalignment error versus e„x. (up- 
per right) vertical misalignment error versus e„y, (lower 
left) longitodinal misalignment error versus e„a;. (lower 
right) rotational misalignment error versus e„y. Here color 
lines have the same meanings of Fig. 2. 

CSR. The second and third dipoles have the tightest multi- 
pole component tolerances because they are located at the 
highest horizontal dispersion. The first dipole has the tight- 
est rotational error tolerance due to the combined actions 
of the vertical CSR force under nonzero T]y and the highest 
fiy. We expect that those tolerances can be achievable by 
the current magnet fabrication and alignment technologies. 
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SYNCHROTRON RADIATION SOURCE* 

J. Y. Liu, C. Z. Diao, D. H. He, Q. K. Jia, G. Li, H. L. Xu, P. F. Zhang, S. C. Zhang 
University of Science and Technology of China, Hefei, Anhui 230026,P. R. China 

Abstract 
An experiment facility for coherent harmonic 

generation in ultraviolet spectral range has been built on 

the storage ring at University of Science and Technology 

of China. In this paper, the facility, the measurement of 

the spontaneous radiation spectrum of the optical 

klystron and preparations for coherent harmonic 

generation experiment are described. 

INTRODUCTION 
Hefei synchrotron radiation source at University of 

Science and Technology of China (USTC) consists of an 

800MeV storage ring and a 200MeV injector Linac [1]. 

The optical klystron (OK) for coherent harmonic 

generation (CHG) experiment is located in the forth of 

the four dispersion free long straight sections of the 

storage ring (Fig. 1); 

Although both the injector Linac and the storage ring 

can be used for PEL experiments, due to limited 

resources \>/t started with CHG experiment on the 

storage ring, to gain experience for future Linac based 

PEL studies using high gain harmonic generation 

(HGHG) scheme [2]. Concerning the energy of the Linac 

for PEL experiment, it may be extended to 400MeV in 

the existing tunnel and klystron gallery for half energy 

injection into the storage ring, and it is also possible to 

increase its energy up to SOOMeV for full energy 

injection by replacing klystrons with more powerful 

ones. Of cause, these will also benefit short wavelength 

PEL studies. In addition, the nuclear physics experiment 

hall is available for PEL experiments. 

At present, our group collaborates with Shanghai 

Institute of Nuclear Studies and Institute of High Energy 

Physics on Shanghai Linac based HGHG type deep 

ultraviolet PEL (SDUV-PEL). The experience gained 

from the CHG experiment at USTC will also benefit 

SDUV-PEL project. 

Linac tunnel  Resetved space ; 
\^fbr Linac axt«nsion> 

200IVIeV Linac\     \ 5*25^, \ \ V   \magnM , 
...■^.......|.., if.,..i^ 
■ ■^MCMT^I'^R'^ ■«■■■■«■■ 
:"d«*«—>—: ..• 
?■■«■■■«>■■■■«■■■■ ■%<" 

/ 
Klystron gallery 

800 MeV storage ring 

Undulator—%r 

Storage ring hall 

Nuclear physics 
experiment hall 

Beam dump 

^^Beam transport line 

■V. Injection point 

RF cavity 

«•— SC wiggler 

oton beamlines 

Fig. 1 Layout of Hefei synchrotron radiation source 

CHG FACILITY 
Pigure 2 shows the schematic layout of the CHG 

experiment facility (bold lines). It consists of an OK, a 

seed laser and a CHG experiment station, connected by 

evacuated pipes. The OK is comprised of two undulators 

separated by a dispersive section. Seed laser light is 

reflected by mirror 1, focused by two lenses (a telescope) 

onto the center of the first undulator (modulator), and 

interacts with the electron beam, causing energy- 

modulation of electrons. This energy modulation is 

converted into spatial bunching while traversing through 

the dispersive section. In the second undulator (radiator) 

the micro-bunched electron beam emits coherent 

harmonic radiation. To protect the CHG experiment 

station from strong bremsstrahlung, coming out of the 

long straight section where the OK is located, Mirror 2 

and mirror 3 are placed on the path of the output 

radiation beam, forming a parallel displacement. 

Radiation shielding is mounted on a support behind 

Work supported by NSFC, 863 Project and Founds for Doctorate 
Conferring Units in Universities and Colleges. 
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mirror 2. Both mirror 2 and mirror 3 reflect the desired 

output harmonic radiation and transmit other harmonics 

and the seed laser. The connecting pipes are evacuated to 

prevent air disturbance and absorption, and they are 

isolated from the ultra-high vacuum environment of the 

storage ring by upper-stream and down-stream quarts 

glass windows. 

CHG station J~| 

Radiation shlelcling>,^^T' 

Fig. 2 Layout of CHG Facility 

At the begiiming, a symmetrical permanent magnet 

OK was constructed, and a homemade Nd:YAG laser of 

1.06(im was chosen as the seed. Output of the third 

harmonic was desired. The OK is made of NdFeB 

blocks. The period length and period number of each 

undulator is 72mmxl2. The dispersive section has only 

one period of 216mm. The magnet gaps of the three 

sections can be adjusted independently from 40mm to 

140mm. The minimum gap is for CHG experiment due 

to beam lifetime requirement, while the maximum gap is 

for synchrotron radiation operation of the storage ring. In 

CHG experiment, the gap of the dispersive section must 

be adjusted to optimize the output, and the operation 

energy of the storage ring must be 163MeV, which is 

lower than the injection energy of the storage ring. 

Electrons must be decelerated after injection. This was 

tested successfully, when the gaps of the OK sections 

were at 140mm. But it was very difficulty to store 

sufficient beam current at 163 MeV when the gaps of the 

modulator and the radiator were set at 40mm. This led us 

to consider upgrade of the CHG facility to run the 

storage ring above 200 MeV. Meanwhile, we started 

R&D of SDUV-FEL, which is based on a 300 MeV 

Linac. Obviously, it is better to take 200-300 MeV as the 

operation energy of the storage ring for the upgrade 

program of the CHG experiment facility. 

In the upgrade, the wavelength of the seed is changed 

to 532 nm, and the NdFeB blocks of the modulator are 

replaced with the ones of the recent built undulator, 

which has been installed in the third long straight 

section. The period length of the modulator increases 

from 72mm to 92 mm, resulting in an unsymmetrical 

OK. The modulator resonates at the wavelength of the 

seed, but the radiator resonates at its harmonics. The 

varying range of electron energy and the corresponding 

varying range of modulator strength and radiator strength 

are listed in table 1. 

Table 1 Electron energy and undulator strength 
Output harmonics 3 2 
Electron energy (MeV) 240-400 200-325 
Modulator strength K,^ 1.77-3.5 1.25-2.7 
Radiator strength Kr 0.4-2.0 0.5-2.0 

Table 2 Sample parameters 
Electron 

beam 
(Single 
bimch 
mode) 

Energy (MeV) 251 
Energy spread 0.016% 

Beam current (mA) 10 
Beam size (mm.mrad) 

Ox, CTv, CJz, CTx , CTv' 

0.518,0.051,11.3, 
0.024,0.015 

Seed 
laser 

Wavelength (nm) 532 
Power (MW) 30 
Radius (mm) 0.5 

Optical 
klystron 

Km 1.9 
K, 1.26 

Dispersive section 
parameter N^ 90 

Output 
radiation 

Wavelength (nm) 266 
Power (KW) 54 
Spectral ratio 1.9x10' 

As a sample, a set of parameters of the facility after 

upgrade, the calculated output power and spectral ratio 

are listed in table 2 [3]. The spectral ratio for a harmonic 

is defined as the ratio between coherent intensity and 

incoherent intensity in an infinitesimal solid angle 

aperture on the axis and infinitesimal bandwidth at that 

harmonic [4]. 
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SPONTANEOUS RADIATION 

Because the spectral ratio is proportional to the square 

of modulation rate of spontaneous radiation spectrum of 

an OK, deep modulation is desired [5]. The spontaneous 

radiation of the symmetrical OK was measured. At the 

beginning, the measured modulation rate was only 0.23. 

After re-alignment and adding an aperture of small 

diameter the modulation rate reached 0.4. For further 

improvement, numerical simulation was carried out, and 

resuhs show that when the vertical orbit offset of the 

electron beam in the storage ring is 2mm and 1mm the 

modulation rate is 0.43 and 0.74 respectively. When 

orbit correction was carried out, the measured 

modulation rate reached 0.75 (Fig. 3). 

measured ratio is integral ratio. The spectral ratio can be 

calculated, according to the actual solid angle aperture 

and bandwidth of the measurement system. 

Seed laser. -a 
Delay generator 

\ 

Input 
7\ 

Trigger 

o 
o 

Output & 

Harmonic radiation 

A^ Aperture 

'Spectrometer 

9- 

Gate input]—j—rr 

ICCD--^^^Tf 

Signal from storage ring RF 

Computer 

Flg.4 Measuring and synchronizing system 

300 320 340 360 380 *0 

X(nm) 

. Fig. 3   Modulated spontantous radiation spectnim of the optical klystron 

CHG MEASUREMENT SYSTEM 

The main interest is to measure the spectral ratio. 

Figure 4 shows the layout of the measurement system. 

The difficult is the repetition rate of the spontaneous 

radiation pulses is much higher than that of the seed. In 

single bunch operation mode of the storage ring the 

former is 4.343 MHz. Due to the damping time of the 

electron beam in the storage ring and the performance of 

the seed laser, the latter is 1-10 Hz. To select and 

measure any coherent radiation pulse or incoherent 

radiation pulse from the radiation pulse train, a high on- 

off ratio ICCD is used as an optical shutter. The 

synchronization system is also shown in Fig. 4. An 

aperture of small diameter is placed before the 

spectrometer   to   eliminate   off-axis   radiation.   The 
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Abstract 
Generation of the VUV radiation has been numerically 

performed based on coherent harmonic generation (CHG) 
scheme at NIJI-IV with an external laser. The CHG 
process in an optical klystron was simulated using the 
code GENESIS 1.3 incorporating with its extended code. 
After performing the optimization of the parameter for the 
optical klystron, the dependence of the input laser power 
and the effect of the energy spread on the output radiation 
power are discussed. 

INTRODUCTION 
Coherent harmonic generation (CHG) is an attractive 

method as a source of tunable coherent radiation in the 
VUV. Considering advantage of operation without an 
optical cavity in CHG, we are preparing to produce the 
harmonics in the storage ring NIJI-IV PEL [1] by using 
either an external laser focused into an optical klystron 
[2,3] or the PEL oscillator itself In this study we focus on 
the investigation of the harmonic generation by an 
external laser (3rd harmonic of Nd:YAG laser) with 
Monte Cairo simulation. 

The layout of the CHG in the transverse optical 
klystron, which consists of three sections, is illustrated in 
Pig. 1. In the first section, the energy exchange between 
the electron beam and the optical wave, supplied by an 
extemal pulsed laser, induces the energy modulation of 
the electron. In the second section, the energy modulation 
is transformed into an electron density modulation. The 
amphtude of the magnetic filed in the dispersive section is 
optimized so as to obtain the maximum radiation intensity 
at the end of the optical klystron. Consequently, in the last 
section, the coherent harmonic radiation is emitted from 
the second undulator. In this work, this CHG process is 

U ispersive 
section 

First undulator 

^ItliltUtliltUrMtliltlil 
Second undulator 

.lilililihiil 

simulated in the case of a 6.3-m optical klystron ETLOK- 
n [1]. 

PROCEDURE OF SIMULATION 
The electron beam is interacted with the third harmonic 

at 355nm of an extemal Nd:YAG laser which is focused 
into the center of the first undulator as shovra in Fig.l. 
The electron beam dynamics in the first undulator is 
simulated along the undulator axis by using the code 
GENESIS 1.3 [4] which allows for the treatment of three- 
dimensional electron dynamics and non-axi-symmetric 
radiation field. The initial parameters for the electron 
beam at the entrance of the optical klystron are listed in 
Table 1. The extemal laser beam field is taken to be a 
fiindamental Hermite-Gauss mode, and the magnetic field 
parameter of the undulator is chosen so that the 
wavelength of the extemal laser is resonated with the 
fiindamental radiation of the undulator. As a result, the 6D 
phase space distribution {x,y,p^,py,y,e) of the electron 
beam at the exit of the first undulator is obtained by 
GENESIS 1.3. 

Table  1:  Simulation parameters for the NIJI-IV PEL 
system. 

Focused Laser 
dAC 3ojj355imi 3) 

f     ' -^ Coherent 

IJt|i|t|il#liH.hliHJ I tTjiltliltMtLlrliltliltini"'''" 
/McdiMor * _/ » Radiator 

Energy moduhtiin Density m oduhtrin 

Pigure 1:    Schematic view of the setup for Coherent 
Harmonic Generation (CHG). 

ogawa.h@aist.go.jp 

Electron beam 

Energy 
Relative energy spread 
Bunch length 
Beam size  CTX 

Emittance   e^ 

310 MeV 
3.3x10" 
17.4mm 
~0.8mm 
~0.3mm 
6.0xlO"Vrad 
8.4xl0-'mrad 

Optical Klystron 

Magnetic period 
Undulator section 
Dispersive section 

Number of period 
Total length 
K-value 

72mm 
216mm 
42x2 
6.288m 
2.29 

Input laser (NdYAG) 

Wavelength 
Energy 
Peak power 
Repetition rate 

355nm 
300niJ/pulse 
60MW 
lOHz 

0-7803-7738-9/03/$17.00 © 2003 IEEE 
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In the dispersive section, the phase shift is induced by 
the different transit time depending on the difference of 
the electron energy. We took the phase energy relation [5] 

^y 
(o. 

6 +—[y -y (1) 

between the ponderomotive phase of the electron ^ and 
*Pj at the entrance and the end of the dispersive section for 
yth electron, respectively. Here y^-y^ is the energy 
deviation from the mean energy of the electron beam in 
terms of the Lorentz factor, and the ratio cOsj/cOsj gives the 
harmonic number of the input laser. The factor dLO/AySs. a 
function of length and field strength of the dispersive 
section. Inserting the phase distribution at the end of the 
first undulator calculated by GENESIS 1.3 into Eq.(l), 
the 6D phase space distribution i^,y,Py,,Py,y^) at the exit 
of dispersive section is determined. 

Thus, the obtained parameters x^,p^,py,y,'¥ are written 
into a file as an input to GENESIS 1.3 for calculation in 
the second undulator. The coherent emission from the 
bunched electrons is again simulated along the second 
undulator axis using GENESIS 1.3, and then we get the 
harmonic radiation distribution at the exit of the optical 
klystron. 

SIMULATION RESULTS 

Optimization of the optical beam waist 
First of all, the dependence of the third harmonic 

intensity on the radius of the optical beam waist WQ was 
investigated. The number of emitted photons 
corresponding to the three different input laser powers 
Pin=30, 60 and 90 MW is plotted in Fig.2. In this 
simulation, the factor AO/Ay in Eq.(l) was chosen so as to 
obtain the maximum harmonic intensity for the 
corresponding Pjn and harmonic number. For example 
AO/dy= 0.3 is the optimum value for the third harmonic at 
/'i„=60MW. 

As shown in Fig.2, the output intensities grow with 
increasing the waist size woup to WQ- 1.0 mm since the 
overlap of the electron beam with the optical wave 
increases. On the other hand, above WQ- 1.4 mm, the 
intensities decrease due to diminishing electric field of 
pumping laser. It is interesting to note that the waist size 
Wo, which gives the maximum harmonic intensity, 
increases with increasing Pi„. This optimum WQ shift can 
be understood as the inhomogeneous transverse profile of 
electron bunching. For the low P^, electric field of laser is 
insufficient to produce the electron density modulation, so 
the waist size WQ must be reduced. On the contrary, for the 
high Pin, overbunching of the electron density occurs in 
the center of the beam, thus reducing the efficiency of the 
harmonic generation. To avoid the overbunching, the wo 
should be larger value, giving constant radial profile of 
the electron bunching. 

P=30MW, 
J—1—1—1 I ■   I 

0.2      0.4     0.6     0.8      1,0      U      1.4      1.6      1.8     2.0 

WafetsEe fom) 

Figure 2: Dependence of the third harmonic intensity on 
the radius of the optical beam waist at the input laser 
power Pi„=30, 60 and 90 MW with the electron average 
current 1 mA. 

Power Dependence 
Figure 3 shows the calculated photon intensities on the 

third and fifth harmonics of a pumped laser at 355 nm as 
a fimction of the laser peak power Pi„. The calculation has 
been also performed taking into account an optimization 
of AOMy parameter for each Pi„, while WQ is fixed at 
1.1mm. The number of photons increases proportional to 
Pin in low laser power region, and is saturated above ~ 60 
MW owing to the overbunching effect, giving a limit of 
the harmonic intensity. In the case of our laser power, Pjn 
= 60MW, the number of photons were calculated as 
~2xl0' and -3x10* photons/pulse for the third and fifith 
harmonics, respectively, at the electron average current 
1mA in one bunch ring operation. 

3rd harmonic {118nm) 

40 60 80 100 

hputLaserPower feW) 
120 

Figure 3: Calculation results of number of photons on the 
third and fifth harmonics as a function of the input laser 
power with the electron average current 1 mA. 
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Effects of the Energy Spread the third harmonic can be expected to obtain -4x10" 
photons/pulse and increase by a factor of 8 for the new 
vacuum-chamber system compared to the old one. 

2.0x10"*        ^OxlO"'        6.0x10"'        8.0x10"*        1.0) 

Energy spread 

Figure 4:   Effects of the relative energy spread on the 
output intensity. 

Figure 4 shows the calculation result of dependence of 
the third harmonic intensity on the relative energy spread 
at the entrance of the first undulator. The efficiency of 
harmonic generation is critically dependent on the energy 
spread value. 

The phenomenon which increases the energy spread, 
called turbulent anomalous bunch lengthening, appears 
above a certain current threshold. The anomalous bunch 
lengthening has been observed in NIJI-IV above an 
average current of 2-3 mA [6,7]. The obtained third 
harmonic intensity, which was simulated taking into 
account the effect of increasing energy spread with the 
beam current, is shown in Fig.5 by dash-dotted line. The 
photon intensity is saturated at ~5xlO'° photons/pulse due 
to the energy spread at higher beam current beyond the 
threshold current. 

Recently we have replaced ring vacuum chambers in 
NIJI-IV with new low-impedance-type ones over 75 % of 
the ring circumference in order to suppress the microwave 
instability. [7]. After the replacement, the longitudinal 
broad-band impedance was reduced and the anomalous 
bunch lengthening doesn't appear below 15.3 mA which 
means energy spread of the beam is stable below ~15mA 
in the present experimental setup. As shown in Fig.5 by 
solid line, the third harmonic intensity grows proportional 
to the square of the average beam current in one bunch 
ring operation. Consequently, the number of photons on 

J 4x10" 

a 

- 
New chamber / 
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ho

to
ns

/ 
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■E 
"           0 ^'". " 
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Figure 5: Expected number of photons for the new and 
old vacuum-chamber system as a function of the average 
beam current in one bunch ring operation. 
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ELECTRON BEAM IN THE COMPACT STORAGE RING NIJI-IV 
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Abstract 
The temporal performance of the free electron lasers 

and the electron-beam qualities have been measured with 
the compact storage ring NIJI-IV at the electron-beam 
energy of 310 MeV. It was found that the pulse width and 
spectral width kept decreasing after the peak of the PEL 
macropulse intensity. It was confirmed that the bunch 
length and the energy spread increased due to the PEL 
Oscillations. The ratio of the PEL gain to the cavity loss 
estimated from the beam qualities on and off PEL 
oscillations was almost in accord with the ratio evaluated 
directly with the measured data of the PEL gain and the 
cavity loss. 

INTRODUCTION 
A study of broad-band free electron lasers (PELs) has 

been developed with the compact storage ring NIJI-IV at 
the AIST. Although the circumference of the NIJI-IV is 
29.6 m, it has two 7.25 m straight sections. A 6.3 m 
optical klystron ETLOK-II has been installed in one of 
the straight sections, and a 14.8 m optical cavity has been 
set on the extended part of this long straight section. The 
PEL oscillations have been achieved with the ETLOK-II 
at a wavelength region between 211 and 595 nm [1]. At 
present, we are aiming at the PEL oscillations in the VUV 
region. Moreover, a new optical klystron ETLOK-III for 
infrared PELs will be installed at the other straight section. 
PEL oscillations will be realized with using the higher 
harmonics from the ETLOK-III in a wavelength region 
between 1 and 12nm [2]. 

In order to advance the enhancement of the PEL 
wavelength region, we have renewed old vacuum 
chambers to low-impedance ones in the NIJI-IV Because 
it was confirmed that the microwave instability was 
suppressed below the beam current of 15 mA, the 
longitudinal broad-band impedance became below 2 Q 
[3]. The peak electron density in an electron bunch was 
expected to become 1.4 times or more before the 
improvement. 

It is necessary for the enhancement of the PEL 
wavelength region to estimate the PEL gain accurately. 
Then, we checked the evaluation of the PEL gain based 
on the one-dimension theory of the storage ring PEL by 
investigating the NIJI-IV electron beam qualities before 
the improvement of the vacuum chambers [4]. The 
increase of the beam sizes was measured on the PEL 

*Sei.n@aist.go.jp 
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oscillations, and the enhancement of the energy spread 
due to the PEL oscillations was estimated from the 
increase of the beam sizes. The increase of the bunch 
length due to the bunch heating was also measured with a 
dual streak camera. In this article, we report the measured 
performance of the PEL and the electron beam qualities 
on and off the PEL oscillations in detail. 

NIJI-IV ELECTRON BEAM 
The electron beam qualities on the PEL oscillations at 

the wavelength of 300 nm were measured. The electron 
beam energy in the NIJI-IV was about 310 MeV The 
electron bunch vibrated longitudinally by the amplitude of 
3-9 (xm and the period of 100 Hz. We ascertained that the 
power supply of the main magnets had line noise with the 
same period, but we could not remove it completely. The 
bimch length gently increased up to the beam current of 
2-3 mA because of the potential well distortion. As Pig. 1 
shows, the bunch length increased rapidly above 2-3 mA. 
The energy widening was also observed above the 
threshold beam current, so that the microwave instabihty 
would cause the increase of the bunch length and energy 
spread. The electron bunch had the complex shape in the 
higher current region where the microwave instability was 
remarkable. However, we regarded one standard deviation 
of a Gaussian fitting to the bunch shape as the bunch 
length. Because the bunch length is proportional to the 

200 

I  •    P^ = 4.0kW  I 

1 10 

Beam current [mA] 
30 

Pig. 1:   Dependence of the bunch length on the beam 
current. 
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energy spread, the bunch length o[(I) at the beam current 
of/is described by 

-.W^CTJ/ 
Vo 

(1) 

where oip(/) is bunch length included an effect of the 
potential well distortion, cr/T) is energy spread and a-^ is 
natural energy spread [4]. The exponent Syis ideally zero. 
Experimental value for the exponent Sy which was 
estimated by the fitting curve was about -0.06, and it was 
near an ideal value zero. 

The beam sizes at the dispersive section of the ETLOK- 
II were measured. Because the betatron functions changed 
considerably in the long ETLOK-II, the beam sizes 
averaged through the ETLOK-II are needed to estimate 
the gain of the NIJI-IV PEL system. The ratio of the 
averaged beam size to the local beam size at the 
dispersive section was 1.01 in horizontal direction and 
1.40 in vertical direction. The horizontal beam size was 
almost constant in the observed beam current, and it was 
about 0.85mm. The vertical beam size gently increased 
due to the multiple Touschek effect as the beam current 
increased. It was about 0.27 mm at the beam current of 30 
mA. 

The peak-electron density in a bunch, p^, can be 
calculated with the bunch length and the beam sizes. The 
increase rate of yOp became small above -10 mA due to the 
beam instabilities. The obtained maximum pp was about 
1.0x10 m'^. The PEL gain at relative beam energy ^is 
proportional to the peak-electron density. The PEL gain 
for the fundamental wavelength of an optical klystron. Go, 
is described by the one-dimension theory as following 
equations [5]: 

M)-Jo{^)VfPpF,r-' 

4 = K^(4 + 2K^)~' ,(3) 
where A^, A^u,/and Ff are period of the undulator sections, 
period number of the one undulator section, modulation 
factor and filling factor, respectively. A factor N^ is the 
interference order due to the dispersive section, and it was 
set to be 68, which was optimum value for the PEL gain 
in the beam-current region of 20-30 mA. The maximum 
PEL gain estimated with these equations was about 4.6% 
for the wavelength of 300 nm. 

FEL AND ELECTRON BEAM 
We observed the temporal and spectral structure of the 

PEL micropulse. It is known that the cavity-mirror loss 
except the optimum wavelength increases as the exposure 
of the optical klystron radiation increases [6]. Although 
the PEL gain on the PEL oscillations depends on the 
cavity detuning length strictly, it is approximately equal to 
the loss of the optical cavity. Therefore, the cavity loss 
can be evaluated by the threshold beam current for the 
PEL oscillation. In the case of the small cavity detuning 
length, the PEL micropulse composes the macropulse and 
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Pig. 2: Energy spread estimated from the horizontal 
beam size on the PEL oscillations (solid circle) and RP 
detuning of 2000 Hz (open circle). 

the macropulse period depends on the detuning length. 
When the exposure was comparatively little and the 
cavity loss was about 1%, the macropulse period was 3.5- 
5 ms. When the cavity loss became about 2%, the 
macropulse period decreased down to 2.5-3.5 ms. We 
observed that the pulse width of the PEL micropulse was 
minimized in the macropulse mode when the PEL 
intensity did not become the maximum but decreased. We 
also observed that the spectral width decreased more than 
1ms after the peak of the PEL intensity. These features of 
the PEL micropulse in the macropulse mode can be 
explained with simple one-dimension finite difference 
equations based on the bunch heating theory. The results 
obtained from the simulations were reported in another 
paper [7]. 

We measured the electron-beam qualities on the PEL 
oscillations at the cavity loss of 2%. According to the 
bunch heating theory, the interaction between the PEL and 
electron beam enhances the energy spread. Then we 
observed the beam sizes at the BM3 where the dispersion 
function was about 0.31. The horizontal beam size on the 
FEL oscillations increased as much as 1.1-1.2 times 
compared with that off the PEL oscillations. The PEL 
oscillation did not cause an effective change in the 
vertical beam size. The energy spread estimated with the 
machine fianctions on the FEL oscillations is plotted in 
Pig. 2. This figure shows that the energy spread with RF 
detuning of 2000 Hz also was enhanced by the bunch 
heating. 

The bunch length on the FEL oscillation was observed 
to increase due to the bunch heating. The increase rate of 
the bunch length and energy spread is shown in Fig. 3. 
The increase rate of the bunch length had a peak at around 
10 mA, and it decreased in the higher beam current. The 
reason was in the bunch shape. The bunch shape off the 
FEL oscillation was peaky at around 10 mA, and it 
became like a bell over 20 mA. Because the microwave 
instability was suppressed by the enhancement of the 
energy spread on the FEL oscillation, the bunch shape 
became close to Gaussian. Then, the standard deviation of 
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Fig. 3:   Increase rate of the bunch length and energy 
spread due to the bunch heating. 

the bunch length was increased easily at around 10 mA, 
and it was not easy to increase in the higher current region. 
In the case of the energy spread, the increase rate was 
almost constant over 12 mA. The reason is that the FEL 
gain is also constant in the beam-current region. 

Considering the observed bunch length and energy 
spread on and off the FEL oscillations, we can obtain a 
ratio of the FEL gain to the cavity loss. Because the FEL 
gain is given by eqs. (2) and (3), the ratio RQ is given by 
the following description [4]: 

Rr ,(4) 

where suffixes "on" and "ofiF' represent the state of the 
FEL oscillation. The RQ evaluated fi-om the data in the 
FEL experiments is plotted in the Fig. 4. We knew the 
FEL gain from eq. (2) and the cavity loss from the 
threshold beam current of the FEL oscillation, so that we 
could evaluate 7?G directly without using eq. (4). Because 
the optical cavity slowly shifted from the best tuning in 
the low beam-current region where time passed from the 
start of the FEL experiment, the ratio calculated with eq. 
(4) tended to be undervalued. However, it is noted that the 
ratio calculated with eq. (4) was almost in accord with the 
ratio evaluated directly. This fact suggests that the 
evaluation of the energy spread was correct. 

CONCLUSIONS 
We have measured the NUI-IV electron-beam qualities 

and the temporal feature of the FEL micropulse. We noted 
that the pulse width and spectral width kept decreasing 
after the peak of the FEL macropulse intensity. The bunch 
length and energy spread were observed to increase due to 
the bunch heating while the FEL oscillated. The increase 
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Fig. 4: Ratio of the FEL gain to the cavity loss 
estimated from the beam qualities on and off the FEL 
oscillations (solid circle) and the measured data of the 
FEL gain and the cavity loss (open circle). 

rate of the bunch length gently decreased over -10 mA 
because the bunch shape off the FEL oscillation changed 
due to the microwave instability. The increase rate of the 
energy spread was almost constant. The ratio of the FEL 
gain to the cavity loss estimated from the beam qualities 
on and off the FEL oscillations was almost in accord with 
the ratio evaluated directly with the measured data of the 
FEL gain and the cavity loss. Then we can conclude that 
the FEL gain estimation based on the well-known one- 
dimension theory is applicable to the NIJI-IV FEL 
system. 

We have replaced the vacuum chambers in the NIJI-IV 
so as to suppress the microwave instability. The 
longitudinal broad-band impedance have been confirmed 
to be below 2Q. We will investigate the new electron- 
beam qualities and the feature of the FEL micropulse in 
the VUV region. 
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Abstract 
A key technology issue on the path to high-power FEL 

operation is the demonstration of reliable, high- 
brightness, high-power injector operation. We describe 
two ongoing programs to produce 100 roA injectors as 
drivers for 100 kW free-electron lasers. In one approach, 
in collaboration with the Thomas Jefferson National 
Accelerator Facility, we are fabricating a 750 MHz 
superconducting RF cryomodule that will be integrated 
with a room-temperature DC photocathode gun [1] and 
tested at the Laboratory. In the other approach, in 
collaboration with Los Alamos National Laboratory, a 
high-current 700 MHz, normal-conducting, RF photo- 
injector [2,3] is being designed and will undergo thermal 
management testing at the Laboratory. We describe the 
design, the projected performance and the status of both 
injectors. 

INTRODUCTION 
High-power free-electron lasers (FEL) have been 

proposed for both commercial and defence applications. 
Commercial FEL material processing applications [4] 
have been proven using conventional lasers and patented, 
but their market insertion has been impeded by the lack of 
suitable, economic light sources. 100 kW IR and 10 kW 
UV FEL devices producing radiation for a lifecycle cost 
of less than one cent per delivered kJ in the IR and a few 
cents per kJ in the UV have tremendous market potential. 
However, in order to achieve these radiation cost targets, 
high-current, low emittance electron beam injectors must 
be developed to drive the energy-recovery-linacs (ERL) 
[5] that can deliver the required wall-plug electrical 
efficiency needed to approach these radiation costs [6]. 

Advanced Energy Systems (AES) has been 
collaborating with Los Alamos National Laboratory and 
the Thomas Jefferson National Accelerator Facility 
(JLAB) on the development of two distinct 100 mA high- 
brightaess electron injector systems. The Los Alamos 
device is a normal-conducting, water-cooled 700 MHz RF 
^ Supported by the US Department of Defense Missile Defense Agency 

and Naval Sea Systems Command PMS-405 under Strategic Missile 
and Defense Command contract no. DASG60-02-C-0003 and by the 
Joint Technology Office under Envisioneering contract no. S02-08. 
Jefferson Laboratory personnel are supported under US Department 
of Energy contract no. DE-AC05-84ER40150 and Advanced Energy 
Systems CRADA SURA-2002S003. Los Alamos personnel are 
supported by the Joint Technology Office under a Naval Sea Systems 
Command contract. 

photo-injector while the JLAB device closely couples a 
DC gun and a 750 MHz superconducting RF (SRF) 
accelerator that utilizes single-cell cavities to handle the 
high RF input power. The injectors described below, 
given performance requirements of > 100 mA, < 1% 
energy spread, < 10 microns transverse and < 100-200 
keV-psec longitudinal rms normalized emittance will be 
capable of driving 100 kW and higher power IR FEL 
devices. 

DC GUN AND SRF INJECTOR 
The JLAB 10 kW IR FEL will utilize a DC gun and 

CEBAF "quarter cavity" linac to deliver 10 mA to the 
recirculating arc. For the 100 mA injector needed to drive 
a 100 kW FEL, the electron beam power approaches one 
megawatt and it is desirable to utilize single cell cavities. 
To provide high-order mode (HOM) and beam breakup 
(BBU) instability headroom, the frequency has been 
reduced to the 750 MHz subharmonic of the present FEL. 

Spaccframe 

Cold 
Box 

750 MHz 
SRF Cell 

Emittance 
Compensation 

Solenoid 

Figure 1: Isometric diagram of the 750 MHz DC gun 
and single-cell 100 mA SRF injector. 

AES has completed the physics design of the three cell 
750 MHz, 7 MeV SRF injector linac, utilizing transverse 
emittance compensation [7], that is shown in Fig. 1. The 
fourth upstream cell location is presently used for helium 
inventory and does not contain an accelerating cell. With 
a 500 kV DC gun, a pulse repetition frequency (PRF) of 

0-7803-7738-9/03/$17.00 © 2003 IEEE 977 
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750 MHz and 133 pC bunches, our analysis shows that 
this injector delivers a 7 MeV, 100 mA beam with a 
transverse normalized rms emittance of 1.2 microns, a 
longitudinal emittance of 44 keV-psec and an energy 
spread of 0.5%. As noted, this will meet the beam 
requirements at the wiggler for a 100 kW IR FEL. 

Figure 2: SRF injector cell 

The key engineering issues with the injector are the 
achievement of 500 kV from the upgraded JLAB DC gun 
[8] and the impact of the high RF power level in the SRF 
accelerator. The present JLAB DC gun on the 10 kW 
FEL is undergoing conditioning to the 500 kV level. We 
have performed RF, thermal and stress analysis on the 
SRF cells that indicates the device should be capable of 
CW 100 mA operation and removing the expected HOM 
power load. A single cell cavity is illustrated in Fig.2. 

Figure 3: SRF injector cold model undergoing testing 

This injector is now in the midst of the fabrication cycle 
and all components are scheduled for delivery to JLAB by 
late 2003. Cold modelling to finalize the RF coupler and 
HOM outcoupler details is in progress at AES as shown in 
Fig. 3. The device is "100 mA-capable" with the 
exception of the three SNS-style RF power couplers [9]. 
500 kW replacement couplers are presently being 
developed in a parallel program, but because the funding 
for the RF and DC power supplies needed to drive the 
device at 100 mA CW has not been authorized at this 
time, initial testing will be at full bunch charge but lower 
PRF in the JLAB injector test stand. Reduced PRF 1 nC 

single bunch performance measurements are also planned 
to examine the viability of extrapolating this technology 
to even higher power levels. Should the device meet the 
specified performance goals, it has been proposed that it 
be installed on the existing JLAB FEL as shown in Fig. 4 
as the front end of a 100 kW upgrade to that device. 

Li.visiiiiii liijcc'tur Pit 

'i^ ■      t'   ' ■   ri!r7     fi   i^.^. 

Rcoirciilatirm Arc 

Figure 4:   Injector accelerator cold mass in proposed 
installed position at the JLAB IR FEL. 

RF PHOTO-INJECTOR 
The Los Alamos 100 mA injector concept begins with a 

2.5 cell water-cooled, RF photo-injector with a focusing 
and bucking solenoid. This is followed by a 4 cell 
normal-conducting booster linear accelerator. The 
accelerating field in the gun is held to 7 MV/m and 
reduced in the booster to control resistive power losses. 
The solenoid magnetic and gun accelerating fields are 
shovra on Fig. 5. The end cavity on the right is a non- 
resonant vacuum pumping cavity. 

Figure 5: Focussing and bucking solenoids with their 
magnetic fields and the electric fields in the 
accelerator for the normal-conducting injector. 

The physics and conceptual engineering design of this 
injector has been performed by Los Alamos. With a 
bunch charge of 3 nC, the design achieves a transverse 
rms normalized emittance of 7 microns, a longitudinal 
emittance of 200 keV-psec and an energy spread of less 
than 1%. The energy at the end of the gun is 2.7 MeV 
rising to 5.5 MeV after the booster. At a PRF of 33.3 
MHz, the injector delivers 100 mA, which value increases 
to greater than 1A at a PRF of 350 MHz. 

The key issue for this normal-conducting copper 
injector, which is illustrated in Fig. 6, is the thermal 
management of the resistive losses at the high 
accelerating gradient needed to generate high-brightness 
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Non-Resonant 
Vacuum Pumping 

Cavity 

Figure 6:   Schematic diagram of the 700 MHz, 100 mA 
photo-injector. 

in the electron beam. AES has performed the critical 
thermal and stress analysis of the device which 
demonstrates that adequate cooling can be provided at 
flow rates that do not cause erosion or excessive vibration 
while maintaining the desired temperature stability. Fig. 7 
shows the steady-state thermal distribution where it can 
be seen that the temperature variation is constrained to 
less than 30 C throughout the gun. The corresponding 
stress analysis indicates sufficient margin for the Glidcop 
gun material as shown in Fig. 8. 

■■->' Cooling of non-resonant ■ 
Water cooling ,.511 designed such that 
blet bulk temperature of 20 C thermal expansion nearly 
From 2-D model RF losses 823 kW matches adjacent cell 

Temperature C 

Figure 7:   Steady-state thermal distribution in the 2.5 cell 
photo-injector gun. 

9811 psi in comer _ 
includes   a   .020' 
comer radius 

von Mises stress psi 
■i— 

Figure 8:   Steady-state thermal stress in the 2.5  cell 
photo-injector gun showing the peak stress. 

process. As with the previous SRF injector concept, it is 
presently not possible to perform a full power beam test. 
Consequently, the plan is for AES to deliver the 
fabricated gun to Los Alamos in May 2004 for thermal 
management testing. This will demonstrate that the gun 
can satisfy the engineering operating requirements. The 
confirmation of the projected physics performance of the 
injector can then be completed under a follow-on 
program. 

CONCLUSIONS 
The projected performance and fabrication status of two 

100 mA high-brightness electron beam injector concepts 
were described. The physics designs of both devices, 
which are intended to drive 100+ kW IR FEL's, meet the 
requisite performance specifications. The DC Gun and 
SRF injector device is in fabrication, with component 
delivery to JLAB scheduled for late 2003. The RF photo- 
injector device has completed preliminary design, with 
gim delivery to Los Alamos scheduled for mid 2004. The 
testing of both injectors is presently plaimed for 2004. 
Because of equipment limitations at both Laboratory sites, 
neither device can be beam tested at full current at this 
time. The JLAB test will be at full charge and reduced 
current while the Los Alamos test will demonstrate CW 
thermal management without beam. Both injectors are 
designed to deliver the specified 100 mA performance 
under follow-on programs. In particular, the JLAB 
injector will be used as the front end of a 100 kW upgrade 
to the existing FEL if the required performance is 
demonstrated and the upgrade program is funded. 
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This injector has completed the prehminary engineering 
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THE MIT BATES X-RAY LASER PROJECT 

T. Zwart, M. Farkhondeh, W. S. Graves, F. Kaertner, R. Milner, D.E. Moncton, C. Tschalaer, 
J. B. van der Laan, F. Wang, A. Zolfaghari, MIT Bates, Middleton MA 01949, USA 

Abstract 
MIT and the Bates Linear Accelerator Center are 

exploring the construction of an x-ray free electron laser 
user facility. It will be based on a superconducting linac 
of 4-8 GeV energy, and produce XUV light in the 0.3- 
lOOnm range at kilohertz repetition rates. The facility will 
be a full user facility incorporating up to 30 beamlines. 
Conventional lasers that produce the electron beam, seed 
the FEL and execute pump-probe experiments are 
carefully integrated. The current design of the facility is 
discussed. 

INTRODUCTION 
Recent advances in accelerator, laser and undulator 

technology [1] [2] have created the possibility of 
constructing a national user facility based on an intense 
free-electron laser at extreme ultraviolet and x-ray 
wavelengths. MIT is exploring the construction of such a 
facility at its Bates Laboratory site. The facility would 
produce x-ray beams with peak brilliance some ten orders 
of magnitude greater than are available from today's 
synchrotron sources, and pulse durations from 100 
femtoseconds to less than 1 femtosecond. The 
wavelengths produced will range from 0.3 nm to 100 nm 

Master oscillator 

in the fundamental, with substantial power in the x-ray 3"* 
harmonic at 0.1 nm. The possibility of future upgrades to 
even shorter wavelengths will be preserved in the design. 
Based on a superconducting linac (with energy above 4 
GeV) incorporating a number of extraction points, the 
complex will include the potential for 30 undulators and 
x-ray beamlines. 

EXPERIMENTAL PROGRAM 
The characteristics of the proposed x-ray laser source 

will enable a class of experiments that are beyond the 
reach of today's technology. For the first time, this source 
will combine short pulses, high power and coherence in 
the range between 100-0.1 nm. The science that is 
foreseen spans many disciplines including atomic and 
fundamental physics, condensed matter physics and 
materials sciences, femtochemistry, structural biology and 
various fields of engineering. The x-ray laser proposal [3] 
includes eight contributions from scientists at MIT, 
Brandeis, Yale, Argonne, and the Stanford Synchrotron 
radiation Laboratory. In some instances the techniques of 
the proposed experiments will require fundamentally new 
approaches and may have more similarity with 
experiments performed using table top lasers than those 
using synchrotron sources. 

Fiber link synchronization f- 
X-ravHall 

RF 
Photoinjector 

Pump 
laser 

Figure 1: Layout of the MIT x-ray laser facility. 
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PRELIMINARY FACILITY DESIGN 
While detailed design of the x-ray laser user facility 

will require additional resources, considerations of initial 
facility parameters and how best to integrate the various 
systems have already begun. Figure 1 shows a schematic 
layout of the facility and table 1 lists many of the 
accelerator parameters. 

Table 1: Facility Parameters 

Injector: 
Structure 1.3 GHz 

Copper 
2 '/2 Cell 
Independent Phasing 

Repetition rate 1-10 kHz 
Duty factor 2% 
Bunch charge 100-500 pC 
Transverse emittance 0.5-2 um 

Linac: 1.3 GHz TESLA structure 
Gradient 20MV/m 
Active length 200 m 
Total length 300 m 
Linac duty factor 10%-CW 
2K Dynamic heat load <10kW 
RF coupling (Q^^t) 2-10' 
RF power/cavity 15 kW 

Total Facility Power <15MW 
Electron beam switches 1-10 kHz 

RF separators or 
Fast Ferrite Magnets TED 

Undulators: 
Undulator Beamlines 10-30 
Undulator Periods 15-50 mm 
Saturation Lengths 5-50 m 
Rep. Rate/Undulator -IkHz 

Total facility length 500 m 

A room temperature RF photoinjector produces 
moderate charge, bright electron bunches at multi- 
kilohertz repletion rates. These bunches are accelerated 
in a superconducting 1.3 GHz TESLA-style linac [4] to 
energies up to ~4 GeV. The distortion of-20 ps bunches 
in longitudinal phase space is linearized with a 3"* 
harmonic 3.9 GHz RF structure and compressed to sub- 
picosecond lengths at two bimch compressors located in 
the early stages of the accelerator. Three extraction points 
serviced by either RF separators or fast ferrite deflecting 
magnets deliver the bunches to the three experimental 
halls (VUV, nanometer and x-ray). In the baseline 
concept, each extraction point feeds 3-6 imdulator lines, 
with each imdulator receiving kHz repetition rates, and 
each capable of supporting multiple x-ray beamlines. As 
can be seen in the figure, conventional laser systems are 
tightly integrated into the design. 

LASER PERFORMANCE 
Advanced laser technology will be used throughout the 

proposed facility. Laser systems will provide an 
extremely stable base clock for the RF master oscillators 
and all other facility timing systems. Picosecond, UV 
lasers operating at kHz rates are now available which will 
meet the requirements of the RF photoinjector. 
Conventional laser systems will also be present in all 
experimental halls for use as either pimips or probes in 
conjunction with the FEL x-ray beams and to generate 
seed pulses. 

In order to produce beams of the highest quality, 
various methods of seeding the electron beam with high 
harmonics of laboratory lasers are currently under 
investigation, as is lasing by self-amplification of 
spontaneous emission (SASE). A number of these 
methods will be exploited to produce radiation sources to 
match experimental needs. The spectral and timing 
characteristics of both SASE and seeded beams have been 
modeled using the GINGER FEL simulation code and are 
reported in reference [5]. Seeding opens the possibility of 
creating diffraction limited FEL beams which can be 
tailored either for short pulse length (T~1 fs) or narrow 
bandwidth (AE/E<10"^). Table 2 shows how the 
parameters of the proposed MIT x-ray laser compare with 
existing synchrotron sources and several other proposed 
FEL facilities. The peak brilliance is ten orders of 
magnitude greater than is available at today's 3"" 
generation synchrotron sources, and is comparable to the 
peak brilliance expected at other propsed FEL facilities. 
While the peak brilliance is one of the strong suits of the 
proposed machine, it's time averaged flux is still 
comparable to the synchrotron sources. 

EFFICIENT UPGRADE PATHS 
The proposed faciUty allows several efficient paths for 

later upgrades. The use of a high duty factor, possibly 
CW, superconducting linac will support additional 
beamlines, to a maximum of 30 in the present concept. 
The development of shorter period (^-lOmm) high field 
(B~1T) undulators could be used with the 4 GeV beam to 
reach x-ray wavelengths shorter than 0.3 nm in the 
fundamental. The development of substantially brighter 
injectors, with transverse emittance < 1 um, will reduce 
saturation lengths and thus undulator costs. Finally, the 
1.2 km Bates site allows for the extension of the linac to 
higher energies which would also extend the reach of the 
facility to shorter wavelengths. This energy upgrade 
would be possible while the proposed machine was 
operational, a vital consideration for a user facility. 
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Table 2: PEL Beam Properties 

X-rays      per      pulse 
(0.1% max BW) 
Peak power (GW) 
Peak brilliance 
(p/s/0.1%/mm2) 
Peak flux (p/s/0.1%) 

APS 

Und.A 

3.E-06 

3.E+22 

Peak trans,  coh.  flux 
(p/s/0.1%) 

Average        brilliance 
(p/s/0.1%/mm2) 
Average coherent flux 
(p/s/0.1%) 
Trans, coh. fi-act. (%)   0.03 

Pulse length (fs) 
Photon beamlines 
Wavelength (nm) 
Pulse frequency (Hz) 

MIT Bates 

SASE 
FEL 

l.E+08 3.E+11 

4.0 

l.E+18     6.E+24 

Avg. flux (p/s/0.1%)     7.E+14     3.E+14     3.E+14 

4.E+19     5.E+22 

Degeneracy parameter 0.03 4.E+09     3.E+11 
73000       50 
34 
0.015-.4 0.3-100 
7.E+06 

100 

10-30 

Min bandwidth 
seeded FEL 

3.E+11 

4.0 

l.E+33     3.E+35 

6.E+24 

4.E+14     6.E+24     6.E+24 

2.E+11      3.E+14     3.E+14 

1000 

l.E+25 

100 

50 
10-30 
0.3 -100 
1000 

Min 
pulse 
length 
seeded 
FEL 

6.E-K)9 

4.0 

7.E+33     5.E+32 

l.E+23 

BESSY 

FEL 

7.0 

5.E+25 

l.E+23 

6.E+12 

3.E+23 

6.E+12 

100 
6.E-K)9 
1 
10-30 
0.3 -100 
1000 

100 

200 

8000 

LCLS      lESLA      CorneU 

FEL 

l.E+13       2.E+12     2.E+12 

8.0 

l.E+34     3.E+34 

7.E+24 

5.E+25      7.E+24 

8.E+16      2.E+14 

l.E+24       4.E+23 

8.E+16       2.E+14 

8.E+11       4.E+09 

FEL 

20.0 

l.E+25 

100 

230 
1 

1.2-60      0.15-1.5 0.1-1.5      0.03-.5 
120 

l.E+25 

5.E+15 

l.E+25 

5.E+15 

100 
l.E+08 
200 

2300 

ERL 

l.E+07 

7.E-05 

3.E+25 

4.E+19 

2.E+17 

2.E+16 

l.E+22 

8.E+13 

0.5 
100 
300 
-20 

1.30E+09 

CONCLUSIONS 
The proposed MIT x-ray laser user facility seeks to 

capitaUze on the recent advances in accelerator FEL 
technology. Use of the latest low emittance RF 
photoinjectors, TESLA SRF linac structures, and hybrid 
permanent magnet undulators will allow the facilty to 
serve multiple users with 100-0.3 nm beams of 
unprecedented brilliance and coherence. The careful 
integration of conventional laser systems in the design 
from the outset will allow the facility to exploit both the 
ultrafast or narrow bandwidth x-ray beams that will be 
available with the successful implementation of seeding. 

The MIT team and its collaborators have produced a 
three year design study proposal that is now before the 
National Science Foundation. An accelerator review 
committee is being assembled and will convene in Fall 
2003. A series of workshops on the science that would be 
possible with such a facility will also begin in Fall 2003 
on the MIT campus. A major goal of the proposed study 

is to prepare the facility design to sufficient maturity such 
that construction of the x-ray laser could begin in 2007. 
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THE MUCOOL TEST AREA LINAC EXPERIMENTAL FACILITY AT 
FERMILAB 

D. Errede, University of Illinois, Urbana-Champaign, ILUSA 
R. Alber, A. Bross, M. Foley, S. Geer, C. Johnstone, N. Mokhov, B. Norris, M. Popovic, I. Rakhno, 

K. Vaziri, FNAL, Batavia, IL 60510, USA 
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Abstract 
The initial phase of civil construction has begun on a 

new Linac Experimental Facility at Fermilab with 
beneficial occupancy anticipated in fall, 2003. This 
facility is being designed for multipurpose use by 
establishing direct and independent control over incident 
beam parameters; for example, pulse duration from 1 - 50 
usec, and beam transverse sizes from 1 - 15 cm (95% of 
beam). The facility will be capable of accepting up to the 
full Fermilab Linac beam intensity (1.6 x lO'^ 
protons/pulse @ 15 Hz) making it one of the few areas 
where a primary beam is available for high intensity 
experiments. The purpose of the facility initially is to test 
the basic techniques and components proposed for muon 
ionization cooling in a proton beam judged equivalent in 
impact to a muon beam for a Neutrino Factory or Muon 
CoUider. As such, the facility will provide the advanced 
cyogenic capability and safety systems required to 
perform R&D on liquid hydrogen targets. However, 
parallel future experiments are invited and, as a general 
facility, many areas of physics including radiation, 
medical, nuclear, atomic and beam diagnostics and control 
will be supported. 

INTRODUCTION 
A new test beam facility is under construction currently 

at Fermilab. The Mucool Test Area (MTA) consists of an 
experimental hall and a support building housing the 
cryogenic facilities. The MTA has megawatt power 
capability. It uses the fully diverted Linac 15 kW proton 
beam. Construction is expected to be completed in Fall of 
2003 and the facility made available to the Mucool 
experiment for muon ionization cooling channel 
component testing. Thereafter others users are invited to 
make use of the test beam facility, to be one of the only 
full intensity linac test beams available in the world. 

FACILITY DESCRIPTION AND USE 
The MTA is a test beam facility located southwest of the 

Fermilab Linac. The experimental hall (Figure 1) was 
designed to have the capacity to perform tests on the 
liquid hydrogen absorbers of the Mucool (muon 
ionization cooling) experunent.   This includes all safety 

requirements associated with the handling of liquid 
hydrogen and liquid helium. Filling tests and flow tests of 
different types of hydrogen absorbers are scheduled in the 
MTA initially. Others include high power tests from both 
heat sources and the high intensity beam available from 
the Linac beam. Linac beam parameters are listed in 
Table 1[1]. Beam design parameters requested by the 

MuCOOL TEST AREA MTA 
TEST EQUIPMENT LAYOUT 

Figure 1: Plan and elevation layout of MTA. 

Figure 2: Solenoid and 805 MHz RF cavity 

0-7803-7738-9/03/$17.00 © 2003 IEEE 
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Table 1: General Linac beam parameters 

Parameter Value Unit 

Kinetic Energy 401.5 MeV 

Energy Spread 1 MeV 

Peak Current 52 mA 

RF Structure 201.24 MHz 

Bunch Length 0.208 ns 

Pulse Length 50 US 

Max 
Particles/Bunch 1.6 10^ 

Max 
Particles/Pulse 1.6 10'^ 

Max Beam 
Power 15.7 kW 

Beam 
Emittance(95%) 8 mm-mrad 

amax (rms) 9 nmi 

Table 2: Beam parameters proposed for Mucool Test 
Area 

Parameter Minimum Maximum Unit 

Beam Size 

± 3a 1 30 cm 

Beam 
Divergence 
±3a 

±0.5 ±14 mr 

#pulses/sec 
0 15 Hz 

#proton$/puIse 
1.6 16 10'^ 

Pulse duration 
5.0 50 ^s 

the initial users of this new test beam facility are listed in 
Table 2[1 ]. 

In order to simulate the effects of a large precooled 
muon beam depositing energy into Ihe hydrogen absorber 
the proton beam must be adjustable just prior to the 
devices. For instance the beam must be able to cover the 
entire face of the absorber for which present designs vary 
from 11 to 18 cm in radius. A tiiplet of large-apertiu-e 
quadrupole magnets before the experiment increases the 
beam size. Downsti-eam of the experiment a similar set of 
quadrupoles focuses the beam down into an absorber 
designed to stop the full Linac beam, which requires more 
than nineteen feet dirt equivalent of shielding. A primary 
collimator scrapes the beam to within 3o upstream of the 
shielding wall. A secondary collimator is recommended 
downsti-eam of the shielding to prevent unnecessary 
activation of other equipment in the experimental hall. 

The Mucool experiment also includes an 805 (201) MHz 
NCRF copper cavity to be tested m the magnetic field of a 
superconducting solenoid (see Figure 2 and 3) which can 
be run in "solenoid mode" at 5 Tesla or "gradient mode" 
at 2.5 Tesla. At 2.5 Tesla the two coils' fields are 
opposing. The MTA is equipped with a 1500 kVA power 
ti-ansformer to handles the needs of the facility (not 
including the RF). 

The experimental hall is 840 sq-ft and the service 
building is 1225 sq-ft. There is a sloped access from the 
equipment lift area (elevation 745'-6") to the 
experimental hall (elevation 736'-6"). 

IHYDRDOEN ABSDRBD 
I FnCUSING 

ysTTniDPnrot' 

Figure 3: Mucool/MICE SFOFO lattice cell 

Other constraints on the facility include the radiation 
environment of the experimental hall and hands-on 
maintenance issues associated with highly-irradiated 
components. With respect to hands-on maintenance 
issues associated with the hydrogen absorber, a surface 
contact dose of 40mr/hr has been suggested as the 
limiting activation of exposed surface areas, such as the 
cryostat surface. From a MARS simulation[3] performed 
on the experiihental hall, hall components, and the fiill- 
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beam absorber, this residual activation limit was reached 
after approximately 100 days of Linac beam. Table 3 
presents residual activation results for 30 days of beam 
and 1 day of cooling for lO" protons per pulse at 15 Hz 
for various elements of a typical Mucool experiment and 
MTA configuration[3]. As a result, an operational limit of 
10^' protons/year was established for the facility. 

Table 3: Peak dose (mSV/hr) on contact after 30 days 
irradiation and 1 day of cooling for lO" ppp at 15 Hz 
(lmSV=100mrem) 

Averaged   over  pump   and   heat 
exchanger cryostat 0.11 
SC      solenoid      inside      vessel 
(downstream end) 160 
SC        solenoid       inner       coils 
(downstream end) 54 
SC      solenoid      outside      vessel 
(downstream end) 10 
Downstream    beamline    magnets, 
inner radius 100 
Downstream    beamline    magnets, 
outer radius 3 
Beam dump core 

90000 

This yearly limit was then applied in the design of the 
full-beam absorber to meet ground and surface water, and 
occupational limits associated with the facility. Since 
users and employees at Fermilab are limited to 100 
mr/week and 1500 mr/year and, further, radiation 
exposure at or above 5 mr/hr constitutes a defined 
radiation area with full radiological controls, proper 
design of the full-beam absorber became important to 
ensure sufficient access to the facility. (Staying well 
below this limit allows workers to remain the 
experimental hall for a typical 40 hour work week.) The 
final beam absorber design was fiilly simulated in MARS 
and these results were applied in a Concentration 
Model[4] and ANSYS analysis[5] for a fiill radioisotope 
and thermal assessment of the beam absorber. 

February 2003. The project is on schedule and beneficial 
occupancy is expected in September 2003. 

CONCLUSIONS 
The Mucool Test Area is presently under construction at 

Fermilab. Beneficial occupancy is expected fall of 2003 
for the testing of components of the Mucool experiment. 
The MTA is to be one of the only test facilities in the 
world that uses a full intensity Linac beam (15 kW, 1.6 x 
10'^ ppp @ 15 Hz). After the Mucool component testing 
is complete others users are invited to make use of the test 
beam facility for many areas of physics including 
radiation, medical, nuclear, atomic and beam diagnostics 
and control. 
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CREATING MICROBEAMS AND NANOBEAMS BY CHANNELING IN 
MICRO-AND NANO-STRUCTURES 

V.M. Biryukov, Y.A. Chesnokov, IHEP, Protvino, Russia; S. Bellucci, INFN, Frascati, Italy; V. 
Guidi, INFN, Ferrara, Italy; W. Scandale, CERN, Geneva, Switzerland 

Abstract 
A particle beam of very small cross-section is useful in 

many accelerator applications including biological and 
medical ones. We show the capability of channeling 
technique using a micron-sized structure on a surface of a 
single crystal, or using a nanotube, to produce beam of a 
cross-section down to 1 square micrometer (or 
nanometer). The channeled beam can be deflected and 
well separated in angle and space from the primary and 
scattered particles. According to our Monte Carlo 
simulations of channeling and experience with crystal' 
channeling at IHEP (Protvino), emittances down to 0.1- 
0.001 nanometer-radian, and flux up to 1 million ions per 
square micron per second, can be achieved for protons 
and ions in the range 0.1-3 GeV/u. We discuss the 
experimental techniques to achieve suitable structures for 
particle beam channelmg. 

INTRODUCTION 
Bent crystals have efficiently channeled particle beams 

[1] in the energy range from 3 MeV [2] to 900 GeV [3]. 
Today, crystals are largely used for extraction of 70-GeV 
protons at fflEP with efficiency reaching 85% at 
intensities well over lO'^ particles/s, steered by silicon 
crystal as short as 2 mm [4]. A bent crystal (5 mm Si) is 
installed into the Yellow ring of the Relativistic Heavy 
Ion Collider where it channels Au ions and polarized 
protons of 100-250 GeV/u as a part of the coUimation 
system [5]. 

Carbon nanotubes are cylindrical molecules made of 
carbon atoms. Nanotubes can be manufactured of 
different diameters - from a fraction of a nm to a few 
microns, of different lengths - from a micron up to a few 
millimeters, of different materials - usually carbon but 
also others [6]. This makes nanotubes a very interesting 
object for channeling research. 

The purpose of the present paper is to look at how the 
channeling technique could be used to make beams of 
very small emittance. As a potential application we 
consider a microbeam facility being developed at BNL 
[7] where a variety of beams from Fe""^* to protons of 0.1- 
3 GeV/u is needed with the beam size of -10 ^m at a 
target. A traditional approach to creation of a microbeam 
would be a ~20-nm-thin wire placed in a circulating beam 
and a set of micro-coUimators cutting out a small part of 
the scattered-beam phase space [7]. Here the weak points 
can be a low flux of scattered particles in the direction of 
extraction line; primary and secondary particles scattered 
off the collimators may contaminate the microbeam. 

If a channeling structure is used instead of wire, it can 
trap the incident particles and deliver them into a single 
required direction (i.e. the extraction line) instead of 
scattering them all the ways around. That may give a 
large gain in the microbeam flux. The rest of the system 
may be unchanged: the same set of collimators etc. 
Further benefit is a low divergence of the channeled beam 
as set by channeling acceptance; that would reduce the 
need in collimation down the line, and may reduce the 
emittance of microbeam. Finally, the channeled beam 
would have well-defmed sharp edges and contain solely 
primary particles. The open point is how to make a 
channeling structure as small as about the size of wke, 
-0.02 mm, or smaller. Below we suggest two 
approaches, with crystals and with nanotubes. 

CRYSTAL MICRO-BEAM 
The first suggestion is to use a micron-sized structure 

on a surface of a single crystal; such structures are a well- 
developed technique [8]. The easy way to do it is to take a 
crystal plate, mask a strip lOjjm (or Ijim) wide on the 
surface, and etch the surface to the depth of 10 (or 1) \aa. 
That leaves a strip of 10 by lOpm (or 1 by l|xm) on the 
surface; this strip can channel particles, thus forming a 
microbeam. In order to separate in the angle and space the 
beam channeled of the strip from the particles nearby (in 
the crystal bulk and outside), we suggest having a strip 
shorter than the substrate plate (Fig.l), and bending the 
whole structure. That makes a perfect separation 
downstream. 

Fig.l Crystal with a micron-sized strip on the surface. 

While the size of the microbeam source is set by the 
strip size, the divergence in the direction of bending is set 
by the channeling angle, (2Ec/pv)"^, where Ec is the 
critical transverse energy for channeled particles and pv is 
the particle's momentum times velocity per unit charge. 
E.g., in slightly bent Si(lOO) with Ec=5 eV, the 0.1-3 GeV 
protons have divergence of 0.05-0.2 mrad. For fully 
stripped ions of Fe+26 in the range of 0.1-1 GeV/u, the 
divergence is 0.08-0.15 mrad. One can pick crystal 
channels with bigger or smaller angular acceptance. 

0-7803-7738-9/03/517.00 © 2003 IEEE 
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With l-|j,m soxxrce, this gives a microbeam emittance of 
(0.025-0.1) 7t nmradian for protons of 0.1-3 GeV, and 
(0.04-0.08) 71 nmradian for Fe+26 ions of 0.1-1 GeV/u, in 
horizontal plane. For comparison, the horizontal 
emittance expected [7] from the traditional approach is 
23n nm-radian at any energy. If realized, the channeling 
approach would give an improvement by a factor of 
K200-1000 for protons and 300-600 for ions. It can be 
improved even further by coUimation downstream. 

In the direction orthogonal to bending, microbeam 
divergence equals that of the circulating beam. However, 
the vertical size of microbeam is set by the strip, down to 
~1 urn, while in traditional approach it has to be cut by 
micro-collimation. Therefore, an improvement =100 in 
vertical emittance can be expected from channeling 
approach due to small size of the source. 

Fig.2 An example of micron-sized structure 
machined on a Si surface at Ferrara. 

Figure 2 shows an example of a micron-sized structure 
(5-micron pyramid) machined on the surface of Silicon 
crystal at the Semiconductor group of Ferrara University. 

NANO-BEAM 
While crystal channeling is a well-established 

technique, nanotube channeling is just emerging as a 
beam instrument [9-13]. Here, beam can be trapped in a 
single nanotube cylinder of =1 nm diameter or in a rope 
consisting of many nanotubes. The depth E^ of the 
potential well in a carbon nanotube is ~15-60 eV for 
channeled particles, depending on nanotube configuration 
[11]. The critical angle for channeling Qc=(2Ea/pv) '^' is 
factor of-1.5-3 greater than with Si crystal. Provided that 
nanotubes can efficiently chaimel and deflect particle 
beams, they offer an interesting opportunity to make clean 
beams of potentially very small size, down to 1 square 
nanometer if needed. 

We have developed a Monte Carlo code and done 
simulations of particle chaimeling in bent single-wall 
nanotubes, aimed at finding how useful nanotubes are for 
chaimeling of positively-charged particle beams, what 
kind of nanotubes are efficient for this job, and how 
nanotubes compare with crystals in this regard [12]. 

Flg.3 Channeling efficiency vs nanotube curvature 
pv/R for tubes of different diameter and for Si(llO) 
crystal. 

Figure 3 shows how the number of 1 GeV protons 
channeled through 50-(im-long nanotube depends on 
nanotube curvature pv/R for tubes of different diameters. 
For comparison, also shovra is the same function for 
Si(llO) crystal. The channel length of 50 jim, with 
bending of 1 GeV/cm, gives the 1 GeV particles a 
deflection of 5 mrad - sufficient for many accelerator 
applications like extraction [1,3-5]. Nanotube as narrow 
as 1 nm is comparable to silicon crystal in beam bending. 

For the simulations of nanotube channeling of Fe^^* 
ions and protons of 0.1-3 GeV/u, we use the tubes of 1.1- 
nm diameter, typical for easily manufactured carbon 
nanotubes. We take the curvature radius of 2 cm; then the 
beam energy range to be studied does nearly correspond 
to the pv/R range studied in Fig.3. We choose the 
nanotube bending angle of 5 mrad. Figure 4 shows two 
examples of the angular distribution of protons 
downstream of the bent nanotube, shown in the direction 
of bending. Similarly to pictures of bent crystal 
channeling, there is clear separation of channeled and 
nonchanneled peaks, with few particles lost (dechanneled 
along the tube) between themOverall, the transmission of 
particles by the tube is reasonably good on both ends of 
the energy range. The intermediate energies fall between 
the two cases shown. 

protons 

"0.1 GeV 

400n 

300 

200 

100 

0 /«^«f\«iJ^^ -•A 
0 1 2 3 4 5 

X'(imd) 

Fig.4 Angular distribution of protons downstream of a 
bent nanotube, shown for two energies. 

The case of Fe*^* ions is shown in Figure 5, again for 
both ends of the energy range of interest, 0.1 to 1.0 GeV 
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per nucleon. Similar picture can be seen, as with protons. 
Overall, for the similar ratio of beam momentum per unit 
charge, the angular distributions of Fe ions and protons 
are similar. The transmission efficiency is reasonably 
good for all particle species. The same nanotube deflector 
could be used in each case, throughout the range of 
energies and particle species. 

For 0.1-1 GeV/u ions of Fe""^*, the divergence of the 
channeled beam in a nanotube of arbitrary helicity like 
(11.9) is 0.24-0.77 mrad. The size of the source could be 
quite small. A typical nano-rope (consisting of 100-1000 
nanotubes) would be a source that gives an emittance of 
the nano-beam of the order of 0.00 l;t nm-radian both 
horizontally and vertically, factor of 10000 down from the 
figure potentially achievable with a "traditional 
amorphous" source. 

Fe 26+ ions 

■1 GeV/u ■ ■0.1 GeV/u 

_  500-, 

i   400       • 

0-A-^^*^^T»^r^ 

Fig.5 Angular distribution of Fe^^* ions downstream of 
a bent nanotube, shown for two energies. 

INTENSITY OF MICROBEAM 
With small emittance, microbeam intensity is also 

small. However, the applications like a microbeam 
facility [7] require quite small intensities, down to 1-1000 
particles/s. With some lO'-lO" particles stored in the 
ACS ring, this gives enough room for constructing beams 
of very small emittances discussed above. 

Let us take the example of AGS to estimate the 
achievable intensity of channeled microbeam. The beam 
circulating m the AGS ring has the size about ±5 mm 
before the extraction septum. The beam store is typically 
10' ions or lO" protons. An area of 1 ^m^ would be hit by 
-10 ions (or 1000 protons) in the time of a single turn in 
the ring (~1 us at 1 GeV per nucleon); the hit rate is then 
~10' ions/s per 1 \m?. 

The divergence of particles incident at crystal in 
periphery of the circulating beam, after crossing a 
stripping foil, is expected to be several times bigger than 
channeling acceptance. For particles trapped by a crystal 
or nanotube, the transmission factor would be 10 to 100% 
(e.g.. Figs. 4-5) if channeled particles are bent a few 
mrad. 

Microbeam intensity of lO'-lO'' ions/s appears even far 
greater than needed (though it is easily reduced by 
moving the crystal away from the core of the beam or 
misaligning it). One can put the question differently: how 
much a crystal can survive? The IHEP experience shows 
that crystals can channel up to ~3-10'^ particles/s per 
cross-section of 0.5x5 mm^ without cooling measures. 
This corresponds to 10*/(s-nmVl/(s-nm^). So, a micro- 
crystal structure can channel much more particles than 
needed, and even a nano-rope could do the job. 

A lifetime of -5-10^'' proton irradiation per cm^ as 
measured [14] for channeling crystal. corresponds to 
5-lO'^/jjin^; this means over 100 years of operation of 1- 
\m? crystal with channelmg of -1000 protons/s, or one 
year for (20-nm)^ nano-rope operating at 100 protons/s. 
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A NEUTRON SOURCE FACILITY FOR NEUTRON CROSS-SECTION 
MEASUREMENTS ON RADIOACTIVE TARGETS AT RIA* 

L. Able, L. Bernstein, B. Rusnak, R. Berio, LLNL, Livermore, CA 94551, USA 

Abstract 
The stockpile stewardship program is interested in 

neutron cross-section measurements on nuclei that are a 
few nucleons away from stability. Since neutron targets 
do not exist, radioactive targets are the only way to 
directly perform these measurements. This requires a 
facility that can provide high production rates for these 
short-lived nuclei as well as a source of neutrons. The 
Rare Isotope Accelerator (RIA) promises theses high 
production rates. Thus, adding a co-located neutron 
source facility to the RIA project baseline would allow 
these neutron cross-section measurements to be made. A 
conceptual design for such a neutron source has been 
developed, which would use two accelerators, a 
Dynamitron and a linac, to create the neutrons through a 
variety of reactions (d-d, d-t, deuteron break-up, p-Li). 
This range of reactions is needed in order to provide the 
desired energy range from lO's of keV to 20 MeV. The 
facility would also have hot cells to perform chemistry on 
the radioactive material both before and after neutron 
irradiation. The present status of this design and direction 
of future work will be discussed. 

SBSSANDRIA 
The Science Based Stockpile Stewardship program 

(SBSS) insures the reliability and safety of the US nuclear 
weapon stockpile without testing. It relies on state of the 
art simulation capabilities whose inputs include nuclear 
cross sections with an emphasis on neutron reaction cross 
sections. Nuclear cross sections play their most important 
role when interpreting measurements of isotope 
production to determine neutron and charged particle 
fluxes in brief intense neutron flux environments. While 
many of the cross sections of interest for stable nuclei and 
a few unstable nuclei have been measured, most of the 
cross sections involving unstable nuclei are determined 
from theory alone. In addition to the measurements of 
nuclei used as flux monitors, neutron cross section 
measurements on prompt fission fragments near mass 
number 95 and 143 and the actinides thorium, uranium, 
nepmnium, and plutonium also play important roles in 
SBSS. 

The Rare Isotope Accelerator (RIA) promises the 
ability to make a wide variety of isotopes throughout the 
chart of the nuclides [1]. Of most interest to the nuclear 
physics community are those far from stability that cannot 
be produced by any other facility. But RIA also promises 
never before achieved production rates of near stability 
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nuclei. Both of these capabilities offer opportunities to 
make cross section measurements that were not possible 
before. For nuclei with a half-life of one day or more, 
targets can be made and irradiated with neutrons. SBSS is 
therefore interested RIA and developing the necessary 
infrastructure to allow the desired nuclear cross section 
measurements to occur. 

NEUTRON CROSS SECTION 
MEASUREMENTS AT RIA 

The first step in performing neutron cross-section 
measurements is the production and collection of the 
wanted isotopes. RIA promises a production rate of lO"- 
10 pps for near stability isotopes. Figure 1 plots the 
minimum require production rate versus half-life for 
producing 10 and 100 micrograms of material. This plots 
assumes an atomic number of 100 for the isotope in 
question. The figure illustrates at RIA it will be possible 
to collect 10 micrograms of material for an isotope with a 
half-life of 1 day. Presently, possible methods for 
collecting these isotopes at RIA are being studied. 
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Figure 1: A plot of required production rate versus half- 
life for producing 10 and 100 micrograms of an isotope 
with mass number of 100. 

A 10-microgram sample of an isotope with a mass 
number 100 and a half-life of one day corresponds to 
around 15 Curies of activity. Thus, a radiochemistry 
facility must be located at RIA capable of handling lOO's 
of Curies of activity and processing the material into a 
target suitable for neutron irradiation. Hot cells capable 
of handling  1  kCi of hard gamma activity are not 
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uncommon and techniques have been developed for 
handling such material. The chemistry facility may also 
need to handling the target after irradiation and separate 
out the desire products for measurements. 

In most cases, 10 micrograms of material should be 
sufficient to perform neutron cross-section measurements. 
The exact minimum amount will depend on the details of 
the nucleus, the desired output channel, and the method of 
measurement. It also depends on the neutron flux. 
Presently it is assumed delivering lO'^-lO" neutrons per 
cm^ per second on target will be possible. The achievable 
neutron flux will also be a function of the desired neutron 
energy. For SBSS, cross-section data from 50 keV up to 
20 MeV are of interest, with different reaction being 
important at diiferent energies. But given the half-life of 
the material it will be important to have the neutron 
source on the RIA site. Figure 2 is a conceptual layout of 
such a neutron source facility. It has locations for doing 
radiochemistry on either side and three experimental halls 
for doing experiments. At the heart of the facility are two 
accelerators designed to accelerate protons and deuterons 
at high currents. The details of these accelerators and 
reasons why are discussed below. 

Figure 2: A drawing of a possible design for a neutron 
production facility at RIA. The experimental areas are up 
top, with a low energy neutron area in the middle. The 
two rooms on either side at the bottom are areas for 
radiochemistry. See text for other details. 

NEUTRON PRODUCING REACTIONS 
There are two approaches for producing neutrons across 

the entire energy range of interest. A facility that 
produces a white source of neutrons is one, but a white 
source will put limitations on how the experiments are 
carried out since one must use methods that can 
distinguish between neutron energy. Also, white neutron 
sources of reasonable fluxes at high energies require large 
faciHties. The other option is a tunable, "monoenergetic" 
neutron source. No neutron source is perfectly 
monoenergetic but certain reactions can be used to 
produce a neutron spectrum with a reasonably small 
energy spread.   Unfortunately, no one single reaction is 

suitable for producing neutrons across the entire energy 
range. Table 1 lists several reactions that could be used to 
make neutrons and the energy range in which it works the 
best. Notice that all these reactions involve either beams 
of protons or deuterons. 

Table 1: List of reactions for making neutrons 

Reaction 
"^Li(p,n)'Be 

'H(p,n)^He 
^H(^H,n)^He 
^H(^H,n)*He 
X(^H,pn)X 

Q value 
-1.64 MeV 
-0.76 MeV 
3.27 MeV 
17.59 MeV 
-2.25 MeV 

Best Neutron Energy 
0.1-0.4 MeV 
0.1-3 MeV 
4-10 MeV 
13-16 MeV 

>6MeV 

For neutrons below about 200 keV, it is hard to make 
an intense beam of monoenergetic neutrons. First, a 
significant fraction of the beam energy is lost in a short 
distance (2.1 MeV protons stop in 180 microns of 
lithium), which causes the width of the neutron energy 
distribution to be large compared to 100 keV. 
Minimizing the energy spread will mean a thin target, 
which reduces the neutron flux. This can be recovered 
only somewhat by increasing the beam current before 
beam power issues on target become important. Another 
way to overcome these difficulties is to use moderators to 
shape the neutron energy spectrum to one that is desirable 
[2]. It will still be broad after this shaping, but it should 
be possible to gain some information about neutron cross- 
sections at these energies. If the beam is pulsed, then time 
of flight techniques can be used in the experiment to 
determine neutron energy [3]. While this becomes 
problematic for higher energy neutrons, this technique 
may still be viable at lower energy ranges, as only modest 
distances would be needed to distinguish neutrons of 
different energies. 

Both the 'Li(p,n)'Be and the ^H(p,n)^He reactions work 
well for producing neutrons in the several hundred keV 
range. The lithium reaction has the practical advantage 
of not needing a tritium target, but unfortunately ^Be has 
an excited state at 429 keV that results in a bimodal 
neutron distribution from these reactions. The ^H(p,n)'He 
reaction does not have this problem and could be used to 
make neutrons up to a few MeV. 

Somewhere between 3 and 4 MeV, it becomes practical 
to use the ^H(^H,n)'He reaction. This reaction has a 
positive Q value which gives the neutron about 3 MeV 
more energy than the incoming deuteron beam. The 
neutron is emitted isotropically at the lower beam 
energies, though there is forward focusing due to 
kinematics as the beam energy increase. Once the 
deuteron beam energy rises above 2.2 MeV, deuteron 
breakup can occur. Initially this will be a much smaller 
contribution to the neutron flux than the fusion reaction, 
but when the deuteron beam energy reaches 9 MeV, the 
yield from deuteron breakup will equal the yield from the 
fusion reaction [4]. Fortunately, there is a significantly 
large gap in neutron energies. The fusion reaction at this 
energy produces a sharp peak of neutrons around 12 MeV 
while the breakup reaction produces a neutron spectrum 
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with a peak at 4 MeV and with a FWHM of 1 MeV. 
Depending on the reaction of interest this still may be a 
useable spectrum, especially if the threshold for the 
reaction lies between the two neutron distributions. Even 
though this type of bimodal distribution persists even at 
higher deuteron beam energies, but this reaction has been 
used to produce neutrons at energies up to 16 MeV [5] 
and it should be possible to go higher. 

For neutrons above 14 MeV, the ^H(^H,n)''He reaction 
become a possible production reaction. The production 
cross-section peaks near 5 bams at a deuteron beam 
energy of 120 kV, which is why this reaction has been 
used in the past for producing 14 MeV neutrons [6]. The 
cross-section falls quickly to 0.2 bams at a beam energy 
of 1 MeV. By contrast the cross-section for the 
H( H,n)'He reaction peaks around 0.1 bams near a 

deuteron beam energy of 1.6 MeV falling slowly with 
increasing energy so that at 10 MeV the cross-section is 
still about 0.08 bams. The disadvantages of using the 
^H(^H,n)''He reaction are the need for a tritium target and 
the lack of focusing due to kinematics compared to using 
^H(^H,n)^He. 

It is also possible to consider using the deuteron 
breakup reaction to produce neutrons. As mentioned 
earlier, the neutron energy distribution from this reaction 
will be much broader then the other reactions mentioned 
above. One would use a much heavier target than the 
deuteron, because the coulomb field would be much 
higher and neutrons from fusion and transfer reactions 
would be much less a factor. 

THE ACCELERATORS 
As noted above, all the reactions involve a beam of 

either deuterons or protons at low energies. Since, the 
neutron flux is directly proportional to beam intensity, 
maximizing beam current is desirable. Thus, at the heart 
of this neutron source facility must be one or more low 
energy, high current accelerators for light ions. There are 
several options for the choice of accelerator all with 
advantages and disadvantages. Due to the combination of 
high current and energy variability, it was found that not 
one machine adequately met all the criteria. Thus, the 
present design includes two, a 3 MeV dynamitron and a 
30 MeV linac. 

A dynamitron has been used before as a neutron source 
[7] and is presently a commercially available system [8]. 
A dynamitron rectifies an RF power system to create a 
DC acceleration potential up to much as 5 MV depending 
on the system. A dynamitron also offers high average 
beam currents, up to tens of milliamps, depending on the 
voltage. Thus, the dynamitron becomes an attractive 
system for producing low energy neutrons. In addition to 
providing a DC neutron source, it has also been used as a 
pulse neutron source [9], which will be necessary if an 
experiment needs to use time of flight to distinguish 
neutron energy. 

In order to reach higher neutron energies, a higher 
energy beam is needed. Though there are several options. 

the current approach being evaluated is a linac. The linac 
would start with a 1-2 MeV RFQ followed by multiple, 
short, independently-driven DTL modules each capable 
of adding another ~1 MeV of acceleration per unit. As 
the modules would be short, the velocity acceptance of 
each section is broad, allowing transport, acceleration, 
bunching, and longitudinal focusing over a variety of 
beam energies. This configuration allows the linac to be 
more energy variable than a conventional RF linac 
designed for high efficiency, and thereby facilitates a 
tunable neutron source. The linac should be able to 
provide several hundred microamps of average beam 
current and would be designed for a species with a charge 
to mass ratio of one-half, allowing operation with 
molecular hydrogen, deuterium, alphas, and similar 
species. 

SUMMARY 
The Science Based Stockpile Stewardship Program is 

interested in neutron cross sections on many unstable 
nuclei. The Rare Isotope Accelerator promises the 
capability of producing unstable isotopes in sufficient 
quantities allowing neutron cross-section measurements. 
Thus, the stockpile stewardship community is very 
interested in RIA and insuring the correct infrastructure is 
present to allow direct neutron measurements. These 
include the ability to collect the appropriate isotope, 
process the material into to a target at a radiochemistry 
facility, and irradiate the target with neutrons at a separate 
but co-located neutron source. This neutron source must 
be able to deliver high neutron fluxes on target for 
neutron beam energies from around 50 keV to 20 MeV. It 
will do this with two, high current, low energy, light ion 
accelerators providing beams appropriate for several 
different nuclear reactions. The final specifications of 
these pieces are still being developed and we are working 
with the rest of the RIA community to develop these 
ideas. 
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Abstract 
In lightly beam loaded superconducting accelerators the rf 
power requirements are dictated by the maximum amount 
of microphonics that the system must be able to control 
and by die energy content of the cavity. In previous 
machines, such as heavy-ion boosters, the energy content 
of the cavities was relatively small and one could afford 
to specify a large control window and still use low power 
(-100 W) rf sources. In newer accelerators that are being 
contemplated —such as the CEBAF 12 GeV upgrade or 
RIA— the energy content of the cavity is quite large 
requiring rf sources in excess of 10 kW. Conservatism in 
the control window specification would be quite cosfly; 
on the other hand loss of lock could have adverse effect 
on machine availability or beam property or even, in some 
cases, result in activation. We present a model to estimate 
the requirements to be placed on the rf control system 
based on the properties of the cavities, the frequency 
tuning system, and the characteristics of the accelerator. 

OVERVffiW 
Linacs based on superconducting RF (SRF) technology 

present novel optimization challenges to system 
designers. This is particularly true when the cavities are 
lightly beam loaded. In these cases the required RF 
power is not determined by the beam but rather by how 
much is required for phase and amplimde control in 
cavities whose resonant frequency deviates from the rf 
system's frequency. The amount of allowed detuning 
(deviation from the rf frequency) is strongly coupled to 
the expectations on the system's stability. A simple 
solution to the problem is to increase the available rf 
power; this has the negative effect of increasing the 
system cost. We describe below a methodology for 
projecting system performance utilizing a straightforward 
parameterization of the system parameters. This 
methodology then permits evaluation of trade-offs 
between system cost and system performance. 

BASIC REQUIREMENTS 

The generator power P^ required to operated a cavity in 

the presence of beam loading and detuning is given by 

*This work was supported by the U.S. Department of Energy 
Contract NumberDE-AC05-84-ER40150 
' delayen@jlab.org and harwood@jlab.org 

where P^ = V///?,^ is the power dissipated in the cavity 

walls at voltage V^; ySis the usual coupling coefficient; 

b = R^iJ cos ^/V^ is the ratio of power absorbed by the 
beam and the power dissipated in the cavity walls; ^ is 
the   phase   of   the   beam   with   respect   to   the   rf; 
tSinyf = -2(l+/3)Sco/AWais the ratio of the frequency 
detuning and half the loaded bandwidth. Given the 
operational parameters of the cavity (voltage, beam 
current and phase), there is an optimal coupling 
coefficient ^ that minimizes the generator power P 

required to accommodate the frequency detuning Sco. At 
this optimal coupling, the generator power increases 
roughly linearly with the maximum amount of demning 
that needs to be accommodated. 

If the actual detuning exceeds what was assumed, the 
available power will not be sufficient to maintain control 
of tiie phase and amplitude of the cavity's field. When this 
occurs, the system is said to "lose lock" and the amplitude 
and phase of the cavity field will deviate from their set 
values resulting in a change in the energy gain provided 
by the cavity to the beam. If the shortfall is brief and/or is 
small, then the problems caused by the acceleration error 
may be minor. If the shortfall persists, the problems 
could be sufficiently large that other systems cannot 
correct for them. This may also result in beam 
impingement in some part of the accelerator which, in 
some circumstances, may not be acceptable. 

MODEL FOR THE AMOUNT OF TIME 
CAVITIES ARE OUT OF LOCK 

Basic parameters 
Everything else being constant, there is a one-to-one 

relationship between the available rf power from the 
generator and the amount of detuning that can be 
accommodated. We will refer to this as the "detuning 
budget", v^^. 

Most SRF cavities have a resonance control system, 
typically called a "tuner", to mechanically adjust the 
cavity so that its average resonant frequency, v„^ , 
matches the rf frequency, v^. The control algorithms for 
the tuners usually do not activate the tuner until the 
cavity's frequency deviates from the rf frequency for 
more than some value, v^„. There is no physical reason 
*at v^„ must be smaller than v,^^^,. However, as we will 
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show    later,    the    system    performance    is    rather 
unsatisfactory if v^„ is even comparable to v^^^^, 

A description is needed for the time distribution of v^^^i,^. 
Figure 1 shows frequency-vs-time data taken on an SNS 
cavity at JLab [1]. A simple characterization of the data 
would be that of a high frequency "noise" superimposed 
on a slow drift. 
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Figure l:Frequency vs time measured for an SNS 805 
MHz cavity at JLab during a 30 second period. The upper 
graph shows data using a 1 Hz low-pass filter; the data in 
the lower graph did not have the filter. 

A natural approach would be to separate the distribution 
of fi-equency excursions into two classes, i.e. slow and 
fast. The slow events are those in which v^^j^ changes 
slowly enough for the tuner control to respond; the fast 
ones are those where the tuner is unable to respond and 
need to be accommodated by the rf control system. In 
other words, we will use one description for the "noise" 
and another for the centroid of the "noise". 

• "Noise": A probability density analysis of the data 
in Figure 1 yields a curve that is well characterized 
by a Gaussian. This data is consistent with the 
character of data for the 338 SRF cavities installed 
in CEBAF. In general, the width of the distribution, 
will depend on the specific cavity and cavity 
environment. The probability density associated 
with Fig.l is shown in Fig. 2. 

• Slower events: the centroid of the Gaussian may not 
be static. Various options are available. 

0 One is to be very optimistic and assume that the 
centroid stays at center of the tuner range. 

0 Another is to assume that the centroid has equal 
probability to be anywhere between V(,-v^„ and 
V +v 

0 A third is that the centroid undergoes a random 
walk from the origin. In this model the location of 

the centroid from its starting point since the last 
tuner operation would evolve as /"^, and the 
probability density for the centroid location would 
be quadratic inside the tuner window. 

0 And, finally, things could conspire to leave the 
centroid at the edge of the tuner window. 

There are, of course, many other options, but the ones 
listed here likely span the range of credibility. The 
overall picture is illustrated in Figure 3. 

-2 0 2 

Frequency Deviation (Hz) 

Figure 2: Probability density of the microphonics-induced 
frequency deviations. This was obtained fi-om 400000 
measurements of the instantaneous cavity frequency over 
an 800 sec time span. 

Figure 3: Illustration of segmentation of frequency spectrum 
and "noise" spectrum (as represented by a Gaussian). 

With choices for o, v.,,,,,, v^, and v^,^, we can calculate 
the fraction of the time the system would be outside the 
Vo-Vb^g„ to Vo+v^^g,, band. After calculating these 
probabilities for all/some values of v^^,;^ between v„-v^„ 
and V(,-v^„. Next we select a model for the centroid drift 
and apply the appropriate weightings for that model to the 
probabilities we have calculated for each value of v^^,;,. 
The result is the time averaged probability that the system 
will be "out of lock" within the assumptions of the model 
and for those values of the parameters. 

Results of the model 
Perhaps a more useful approach here is to generalize the 

problem by recasting it with dimensionless parameters 
rather than the previously described physical ones. First 
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we note that it is not the absolute frequencies that are 
important, but rather their difference from v„; we therefore 
shift the frequency axis by subtracting v^, from all 
frequencies. Now the only quantities that enter the 
calculation are: o, v'   .   (-v  . -v), v      and v We '    '   cavity   V     "cavity   "o/i    *tiincr'   """   'budget"       " "^ 

now shift to dimensionless parameters by dividing all of 
the quantities in the previous sentence by v^^^^,. The 
results are shown in Figure 4. 
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Figure 4: Probability of a cavity being out-of-lock and 
corresponding time per day of being out of lock. The 
upper graph shows the results for the flat distribution of 
and various values of o/V;,^^„. The lower graph shows the 
results for CT/V,„,^, with both the flat distribution and with 
the centroid sitting at v^^^^,. 

As can be seen, the probability of a cavity being out of 
lock is strongly dependent on both a/Vbudget and 
Vtune/Vbudget Tatios. One can also see that it is much less 
dependent on the choice for the distribution of the 
centroid. 

Limitations of the model 
The choice of a Gaussian to represent the "noise" 

distribution is an oversimplification of reality. In the data 
taken at Jefferson Lab, the "out of lock" time was best 
described by a Gaussian (whose characteristics could be 
determined from data taken over a fairly brief period of 
the order of 15 min.) with a few rare events superimposed 
on it. Thus, in practice if one chooses to use the Gaussian 
model, then it is imperative to acquire data over a long 
period, i.e. at least a day and preferably longer, when 
determining the o to use. And alternative would be to use 

the a from a short duration measurement and then assume 
that there will be some events that lead to additional "out 
of lock" time. It is also possible that there could be a 
strong source of mechanical noise that at a mechanical 
resonance of the cavity which could drastically distort the 
probability distribution away from a Gaussian. 

Extension beyond a single cavity 
The data shown in Figure 4 is for a single cavity and 

few systems have a single cavity. Predicting the net 
effects when there are several/many cavities becomes 
even more situationally dependent. For example, all the 
cavities could be acting completely independently; in this 
case one would simply multiply the probability for a 
single cavity by the number of cavities. On the other 
hand, they could all be affected by a single source of 
noise, e.g. the cryogenics system. Then the probability 
for the ensemble is close to that of a single cavity. 

MITIGATIONS 
As was mentioned earlier, the effect of going out of 

lock is that the cavity's gradient and phase wander. 
Should this occur, the quality of the beam will degrade. It 
is possible that the quality will degrade sufficiendy and 
cause beam loss somewhere in the accelerator. Mitigating 
the degradation could be imperative. 

It is possible for a feedback system that monitors the 
linac energy gain to compensate for some of the out-of- 
lock events; this is most tractable if there is only a small 
number of cavities that are out-of-lock. If, on the other 
hand, several cavities are out-of-lock, then it is quite 
unlikely that it would be possible to compensate for it. 

Another option would be to temporarily provide extra rf 
power or, at least, reduce the total rf power load. The 
former option might be possible if there is something, e.g. 
a modulating anode in a klystron that is throttling the 
power below the maximum. The latter could be achieved 
by temporarily reducing the beam current or cavity 
voltage, thereby making available a larger portion of the 
rf power for control. 

SUMMARY 
We have presented a methodology for predicting the 

amount of time an rf system will be out-of-lock which is 
consistent with measurements on real cavities. In 
addition, we have presented potential mitigations for 
those times when the cavities are out-of-lock. We believe 
both are valuable when planning the rf system for 
anticipated accelerators where the cost of rf power is a 
significant constraint. 
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Abstract 
An axial injection system has been designed for 

injection of high intensity beams of ^, D~, and He** into 
the Oak Ridge Isochronous Cyclotron (ORIC). The 
device consists of two high-voltage platforms, two 
external ion sources, a double-drift-tube beam bunching 
system, a spiral inflector and integrated beam analysis 
diagnostics and focusing elements. With the axial 
injection system, it is expected that more than 100 jiA of 
high quality, primary light ion beams will be extracted 
from the ORIC using either the existing septum extraction 
system for He** beams or a foil stripping extraction 
system for extracting either H* or D* beams. In addition, 
beam scattering and the consequent intemal activation 
problems, endemic with the present short lifetime intemal 
Penning discharge source along with the dovra times 
attributable to its maintenance will be dramatically 
reduced. 

1 INTRODUCTION 
The ORIC is the driver accelerator for producing 

radioactive isotopes for the Holifield Radioactive Ion 
Beam Facility (HRIBF) [1]. Extracted beam intensities 
from the ORIC are limited by the intemal cold-cathode 
Penning discharge source due to beam scattering from 
residual gas in the vacuum system that also leads to 
serious activation of intemal components. The intemal 
source also has a very short lifetime, particularly, for 
generation of He** beams because of the bmte force 
method used for producing these ions. Consequently, 
source maintenance accounts for a major part of the ORIC 
down time. The maximum deliverable beam-on-target 
intensities from the ORIC range between 10 and 20 (xA; 
however, in practice, the beams are further limited to <10 
^A by the power handling capabilities of ISOL targets. 
An axial injection system with two extemal ion sources (a 
multi-cusp, filter-field source for H~ and D~ generation 
and an ECR ion source for He** generation) have been 
conceptually designed as a potential upgrade for the 
ORIC. The injection system consists of two 60-kV 
platforms, a double-drift beam bimching system and a 
spiral inflector [2]. When implemented, the axial 
injection system will be capable of injecting >100 |xA 
beams of iT, D~, ovHe** into the ORIC. 

A top view of the injection system is shown 
schematically in Fig. 1. Since the injection system must 
transport space-charge-dominated, high-intensity beams, 
the injection energy will be as high as practically 
achievable (limited by the voltage holding capability 
spiral inflector). Where possible, all beam manipulation 
devices will be magnetic in order to avoid serious space- 

charge blow-up effects. The beam bunching system 
consists of a beam chopper and bimcher designed to 
efficiently inject beam into the cyclotron while reducing 
stray beam scattering and the consequent activation 
problems. Since the magnetic field inside the cyclotron 
yoke increases from nearly zero at the entrance to the 
yoke to more than one Tesla at the central field region of 
the cyclotron, the action of the field on injected particles 
behaves like a strong magnetic mirror, which would 
reflect most of the injected beams without the action of a 
strong beam-focusing lens during injection. To solve this 
problem, a magnetic solenoid was designed for 
installation inside the yoke to compensate for. the strong 
mirror effect to ensure high-efficiency injection into the 
ORIC. 

ORIC MEDIAN PLANE 

QUADRUPOLE TRIPLET    \ SPIRAL INFLECTOR 

-ION SOURCE \sHIELDINGWALL 

Fig. 1. Layout of the injection system for the ORIC. 

2 SPIRAL INFLECTOR 
An electrostatic mirror [3] is the simplest device for 

axial injection of beams into a cyclotron. However, for 
the present injection system, a spiral inflector has higher 
beam transmission efficiency - up to 100% - compared to 
a typical efficiency of -65% for an electrostatic mirror. 
Although a mirror is smaller in dimension, it requires a 
very high voltage for operation. For example, an 
electrostatic mirror must operate at a voltage of more than 
25 kV in order to inject 50-keV proton beams into the 
gyration plane of a cyclotron, while only -10 kV is 
required for a properly designed spiral inflector. This 
reduction will reduce sparking and reliability problems 
associated with high-voltage breakdovra and shorting. 

In a spiral inflector, the central beam trajectory is 
generally used as the first-step in the design. A spiral 
inflector consists of a pair of coaxial, spirally twisted 
electrostatic deflection plates submerged in a strong 
magnetic field.   Consequently, the beam trajectories are 
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more complicated due to the actions of both fields on 
particles during transit through the device. In order to 
simplify the problem for computing the position 
coordinates of beam trajectories, the fringe fields at the 
entrance and exit of the spiral are usually ignored and the 
transverse electric field within a spiral inflector through 
which the beam passes is assumed to be uniformly 
distributed so that the central trajectory of the beam can 
be expressed analytically. Fig. 2 shows the two meshed 
electrodes of a spiral inflector simulated with the 3D finite 
element code ANSYS [4]. Unfortunately, fiinge fields at 
the entrance to an inflector and the twisted electrode 
structure of the inflection system have significant affects 
on the electric-field distribution and consequently, the 
trajectories of injected beams within the device deviate 
considerably fi-om those derived by analytical means [2]. 

Fig. 2. Meshed electrodes ofa spiral inflector. 

It is a common practice to design a spiral inflector with 
a large gap size, nearly twice the dimension of the beam 
envelope [5], to deflect the beam into the central field 
region of the cyclotron and to tolerate shifts in beam 
trajectories inside the inflector. However, the large gap 
scenario is not desirable for injection of high-energy 
beams that require a higher operating electrode voltage for 
the spiral inflector. The problem cannot be solved simply 
by increasing the bending path length, since shifts in 
beam trajectories within a spiral inflector also increase 
with increasing bending path length. Efforts have been 
made to reduce the trajectory shift problem by using a 
smaller bending radius and by modifying the shape of the 
electrodes at the entrance to the inflector [6]. However, 
the approach caimot eliminate the problem, and it 
coihpromises the maximum voltage that can be used for 
operating the inflector. 

In numerical electric field analyses and beam trajectory 
simulation studies, ploys are sought that reduce or even 
eliminate completely, beam shift problems while 
permitting operation of the inflector at electrode voltages 
commensurate with efficient injection into the central 
region of the cyclotron. By rotating the electrodes at 
entrance to the inflector or reshaping the inflector 
appropriately, the beam-path shift problem can be 
significantly reduced. Another practically tractable 
approach, that completely eliminates the path shift 
problem, can be affected by re-centering the inflector 
electrodes according to the actual central beam trajectory 
[2].     By use  of powerful  numerical  tools,  a high 

transmission efficiency, small electrode gap spiral 
inflector with zero path shift has been designed that can 
operate at an electrode voltage of approximately 12 kV 
for injection of 50-keV proton beams into the ORIC 
(-40% lower than that of conventional large gap spiral 
inflectors.) Fig. 3 shows the zero path shift device with a 
vertical bending radius of A = 4.06 cm. 

Inflector 
Entrance 

Charged 
Electrode 

Fig. 3. The spiral inflector for the ORIC [7]. 

3 THE BEAM BUNCHING SYSTEM 
An ideal beam-bunching system should use a saw-tooth 

waveform. However, a high-power, high-fi-equency saw- 
tooth wave generator is expensive and quite difficult to 
realize in practice. Typically, beam bunchers utilize 
sinusoidal waveform generators with a few higher order 
harmonics. The ORIC injection system uses a double- 
drift tube design. Among the advantages of this type of 
beam bunching system, include simplicity in structure, 
ease of control and operation, and low cost. One of the 
drawbacks of the design is that the tube length depends on 
beam velocity. With this buncher, -65% of the injection 
beam will be captured (e.g., approximately 130 jiA of 
beam will be captured from an ion source capable of 
generating 200 \iA DC beams of IT, D" and He**) and 
therefore, the intensities of the bunched beams will be 
high enough for injection into the ORIC. However, 
higher injection efficiency (>70%) can be achieved with a 
multiple-harmonic bimching system that is insensitive to 
variations in beam velocity [8]. 
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Fig. 4. Simulated longitudinal beam envelope for 50- 
keV bunched proton beam at entrance to the spiral 
inflector. 
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The buncher must be mounted as close as possible to 
the entrance to the magnet yoke to reduce beam pulse 
widths as required for efficient injection of beams into the 
RF field of ORIC. Only a vacuum valve and a Faraday 
cup follow the bimcher before entrance to the magnetic 
yoke. Fig. 4 displays simulations of the longitudinal 
phase of the beam bunching system for a 50-keV proton 
beam. The optimized drift lengths of the first and second 
bimcher are, respectively, 8.03 cm and 3.96 cm with no 
grid installed (a little less than P-X/2 because of the transit 
time factor). A beam chopper is needed to remove the 
long tails produced by the beam-bunching system. Their 
removal will reduce beam scattering and consequently, 
activation of components in the cyclotron. In order to be 
compatible with the operating frequency range of the 
ORIC, the bunching system must be tunable between 14 
and 19 MHz. 

4 IN-YOKE SOLENOID 
The distance from the entrance to the magnetic yoke to 

the median plane of the ORIC is -1.5 m. Over this 
distance, the axial magnetic field inside the yoke increases 
from nearly zero to more than one Tesla, the action of 
which is equivalent to a magnetic mirror that reflects 
injected beams. When designing an axial injection 
system, careful attention must be given to solving this 
problem. In beam optics studies, the axial magnetic field 
was treated as a series of equivalent solenoids, as 
illustrated in Fig. 5. A focusing element inside the yoke is 
necessary to compensate for the strong magnetic mirror 
effect that otherwise would lead to loss of >75% of 
injected beams. The installation of a solenoid inside the 
ORIC magnet yoke is quite challenging because of the 
small-bore diameter in the yoke (-12 cm). A special 
solenoid with an outer diameter of 12 cm and iimer 
diameter of 6 cm was designed to mount inside the yoke 
for matching the injected beam as indicated in Fig. 1. 

Equivalent 
' solenoid 

Fig. 5 Axial magnetic field in the yoke treated 
optically as a series of equivalent solenoids. 

From beam optical studies with the in-yoke solenoid, 
no significant beam emittance deterioration occurs in the 
axial injection system at beam intensity levels up to 200 
liA. When the axial injection system is well matched, the 
beam transport efficiency is expected to be nearly 100% 
for bunched beams, injected into the cyclotron dees. Fig. 
6 shows simulated beam envelopes at the entrance and 

exit to the spiral inflector. As noted, they are well 
confined in the spiral inflector and coupled to the ORIC 
dees. 
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Fig. 6. Simulated beam envelopes for a 50-keV 
proton beam at entrance to and exit fi-om the spiral 
inflector 

5 CONCLUSIONS 
According to computational studies, -65% of the DC 

beams extracted from the external ion sources will be 
injected into and accelerated by the cyclotron with the 
proposed axial injection system. It is expected that more 
than 100 nA of high quality, primary light-ion beams will 
be extracted from the ORIC using either the existing 
septum extraction system for He^'^ beams and a foil 
stripping extraction system for extracting either It or Z)"" 
beams. In combination with an appropriately designed 
raster scan system for use in dispersing the beam-on- 
target power density, the new injection system will make 
possible the production and post acceleration of RIBs 
with intensities of 10 to 20 times those presently available 
at the HRIBF. 
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INITIAL PERFORMANCE OF A 6 GHZ "VOLUME" ECR ION SOURCE 

Y. Liu, G. D. Alton, H. Bilheux, J. M. Cole, F. W. Meyer, G. D. Mills, C. A. Reed, C. L. Williams 
Oak Ridge National Laboratory, P.O. Box 2008, Oak Ridge, TN 37831-6368, USA 

Abstract 

An all-permanent-magnet, 6-GHz "volume-type" ECR 
ion source has been constructed and evaluated. This 
source employs a novel magnetic field configuration with 
an extended central flat region to form a large, on-axis, 
ECR volimie.It can also be converted to a traditional 
minimum-5 source where the ECR zones are surfaces. 
Comparisons are made of the performance of the source 
when operated in both "volume" and "surface" modes. 
According to the preliminary results, the "volume" mode 
is superior in terms of ion beam intensities and charge- 
state distributions. 

1    INTRODUCTION 

In electron-cyclotron-resonance (ECR) ion sources 
with traditional niinimum-5 magnetic-field profiles, ECR 
zones are thin annular, ellipsoidal-shaped surfaces when 
powered by narrow bandwidth, single frequency 
microwave radiation. These ECR surfaces constitute a 
small percentage of the plasma volume and consequently, 
the efficiency of RF power coupling as well as the 
performance of the sources are limited by the sizes of 
their ECR surfaces. It has been suggested that the 
performances of ECR ion sources can be improved by 
increasing the physical sizes of the ECR zones in relation 
to the sizes of their plasma volumes [1-4]. This can be 
done by flattening the central magnetic field such that a 
large ECR volume on the axis can be formed [1] or by 
injecting muhiple-discrete or broadband microwave 
radiation into conventional minimum-5 ECR ion sources 
[2-5]. 

Multi-frequency heating has proven to be an effective 
way to enhance the performances of ECR ion sources and 
is being used in many ECR ion sources [4,5]. The 
volume ECR technique employs a novel magnetic field 
configuration with an extended central flat region that is 
tuned to be in resonance with single-frequency 
microwave radiation [1], resulting in a significantly larger 
ECR volume. Thus, more RF power can be coupled into 
the plasma, heating electrons over a much larger volume 
than possible in conventional ECR ion sources. All other 
parameters being equal, the volume-type ECR sources 
should result in higher charge-state distributions, and 
higher beam intensities. 

Heinen et al., have successfully demonstrated that 
volume-type ECR ion sources can out perform 
conventional minimum-5 sources in terms of charge-state 
distributions and intensities within a particular charge 

state [6,7]. An all-permanent-magnet, 6-GHz "volume- 
type" ECR ion source that incorporates the flat-field 
concept has been constructed at the Holifield Radioactive 
Ion Beam Facility, Oak Ridge National Laboratory. The 
source is designed to be convertible from the flat-jB 
configuration to a traditional minimum-5 configuration 
and vice versa, so that comparisons can be made of the 
performance of the source in "volume" ECR and 
"surface" ECR modes under similar operation conditions. 
Initial results of charge-state spectra and intensity 
distributions of the source are presented. The 
performances of the source are compared in terms of the 
charge-state distributions and intensities within a 
particular charge-state for the "volume" and minimum-5 
configurations. 

2    SOURCE DESCRIPTION 

A schematic representation of the source is shown in 
Fig. 1. The axial mirror field is produced by two, 50-mm 
thick, annular NdFeB permanent magnets radially 
magnetized in opposite directions. With specially 
designed and positioned iron cylinders, magnetic field 
profiles can be formed with flat central region for volume 
ECR operation and parabolic central region for 
conventional minimum-5 operation. The corresponding 
axial magnetic field profiles are shown in Fig. 2. A 12- 
pole muhicusp radial magnetic field is used for the 
volume ECR configuration in order to mcrease the ECR 
volume in the radial direction. In combination with the 
axial mirror field, a magnetic-field strength of 5 kO, 
approximately equal to that of the axial mirror field, is 
generated at the inner wall of the plasma chamber. The 
multicusp field can also be changed to a iV = 5 field 
distribution when the source is configured as a 
conventional minimum-5 source. The plasma chamber is 
made of Al and is 15.6 cm in length and 5.4 cm in 
diameter. The source is designed to operate at a central 
frequency of 6 GHz and features the ability to tune the 
central flat magnetic-field region by mechanical means to 
the resonance condition within the limits of 5.6 to 6.6 
GHz. Microwave radiation is coupled into the plasma 
chamber via a tapered rectangular-to-circular fransition, 
starting from a rectangular WR137 waveguide and ending 
with a circular diameter that matches the dimension of the 
plasma chamber. Design details of the source can be 
found in [8]. The RF power supply consists of an RF 
signal generator and a klystron power amplifier (KPA). 
The RF frequency can be varied between 5.85 to 6.40 
GHz with output power up to 3 kW.   The ion source is 
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mounted on a high voltage platform and a three-electrode 
extraction has been designed for the source [9]. 

shows an Ar charge-state distribution obtained with the 
"volume" ECR configuration without gas mixing. 

REMOTELY MOVABLE 
IRON YOKE 

RADIALLY MAGNETIZED 
PERMANENT MAGNETS 

FIXED IRON YOKE 

MULTICUSP FIELD MAGNETS 

- REMCfTELY MOVABLE 
EXTRACTION ELECTRODE 
SYSTEM 

TO WAVEGUIDE 

Fig. 1. Schematic view of the flat-5 ECR ion source. 

N 
m 

Fig. 2.   Axial magnetic field profiles for the "volume" (solid) 
and minimum-5 (dotted) configurations. 

3    FIRST RESULTS 

Initial testing of the source was conducted furst for 
the "voliune" ECR configuration, and then for the 
conventional minimum-5 configuration, using Ar as the 
operating gas. Ions were extracted from the source at a 
voltage of 20 kV and mass analyzed with a 45° dipole 
magnet. Ion beam intensities were measured with 
Faraday cups before and after the mass analyzing magnet. 
The primary focus of oiu" effort has been to commission 
this new source and characterize the source performance 
for various operating parameters including gas pressure, 
power and polarization of the microwave radiation, 
plasma electrode position and extraction gap for each 
configuration [10]. Operation of the source was 
reproducible. In general, the total beam currents and 
intensities of low-charge-state ions increased, while the 
production of high-charge-state ions (>6+) decreased, 
with increasing Ar pressure inside the plasma chamber. 
Our studies focused on source performance for high- 
charge-state ions. During the initial test phase, gas 
mixing was not studied and most of the data were 
obtained with the source operated with Ar gas.   Fig. 3 

0.4    0.6    0.8      1       1.2     1.4     1.6     1.8      2 

Analyzing Magnetic Field B (kG) 

Fig. 3. Ar charge-state-distribution observed with the flat-5 
configuration. The source was optimized for Ar'^'^ without gas 
mixing at RF power of 800W. 

The performances of the source in each configuration 
were evaluated and compared, based on the observed 
charge-state distributions and intensities within a given 
charge state, Z-ray spectra, and high-charge-state 
production for Ar ion beams. A comparison of the best 
performances for Ar obtamed with the flat-5 and 
conventional minimum-5 configurations is displayed ui 
Fig. 4. The data were obtained under sunilar operating 
conditions for each configuration, optimized for high- 
charge states using Ar as the operating gas without gas 
mixing. It is clear that the "volume" ECR configuration 
produced higher charge states and higher intensities for 
each charge state than the conventional minimum-5 
configuration. In general, the flat-S configuration 
required more RF power appUed to the source due to the 
much larger ECR zones in this configuration. It was also 
observed m X-ray measurements that much higher X-ray 
intensities and energies were generated with the flat-£ 
configuration, suggesting the presence of more hot 
electrons in the "volume" ECR source [10]. 
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Fig. 4. A comparison of Ar charge states obtained with flat- 
B and conventional minimmn-5 ECR configurations. 
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4    SOURCE IMPROVEMENTS 

The first performances of the source for high-charge- 
state production with both "volume" and conventional 
minimum-fi configurations were poor. The total 
extracted currents were low, typically 200 to 300 e^A 
from the flat-5 configuration, when the source was tuned 
for high-charge-state ions. The charge-state distributions 
were mostly peaked at At^'' and Ar^^ and Ar'* were the 
highest charge states observed with intensities >0.1 e|aA 
from both flat-5 and minimum-5 configurations, 
respectively. To improve its performance, several 
modifications were made to the source and tested with the 
minimum-5 configuration. The vacuum inside the source 
was improved and the source operating parameters for 
high-charge-state ions were refined and optimized. The 
location of the plasma aperture was studied. It was found 
that the optimal a:perture position was 3 cm behind the 
apex of the mirror magnetic field, closer to the plasma 
region. The optimal plasma aperture position led to 
several times higher total ion currents and better high- 
charge-state distributions. A major modification was to 
add a small iron plug on the axis in the RF injection 
region and changing the on-axis RF coupling system to an 
off-axis system. The RF radiation was originally coupled 
into the plasma chamber using an on-axis, tapered 
transition between the rectangular WR137 waveguide and 
the circular plasma chamber. The new RF coupling 
system consists of a transition from the on-axis WRI37 
waveguide to an off-axis WRD580 double ridge 
waveguide that ends abruptly at the location of the plasma 
chamber. This modification has three effects: (1) the on- 
axis iron plug increased the magnetic-field strength in the 
injection side; (2) the addition of the iron plug plus off- 
axis coupling eliminated a confined parasitic ECR zone in 
the RF injection region; (3) the plasma chamber became a 
cavity structure, instead of a traveling wave structure for 
the microwave radiation. The gas mixing technique was 
also studied and O2 gas was used for ion cooling. 

The performance of the source in the conventional 
minimum-5 configiiration was significantly enhanced 
with all the improvements using the new RF injection 
system. The total extracted Ar ion beam currents were 
increased by an order of magnitude when the source was 
tuned    for    high-charge-states. The    charge-state 
distribution was peaked at A/* and the highest charge 
state was moved to ^r"^. The intensities of Ar'^ and 
higher charge-state ions were increased by more than 2 
orders of magnitude. Fig. 5 shows a comparison of the ^r 
charge-state distributions before and after the 
improvements. Evaluation of these improvements for the 
flat-5 configuration is being conducted and similar 
enhancement is expected. 
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Fig. 5. Comparison of charge-state distributions for Ar ion 
beams extracted from the conventional minimum-5 
configuration before and after improvements made to the 
source. 

5 CONCLUSION 

Although much work remains to bring the source to 
levels competitive with existing sources, the initial 
comparative studies on the performance of the source 
clearly show that the flat-5 configuration surpasses its 
conventional minimum-5 counterpart in terms of charge- 
state distributions and ion-beam intensities in each Ar 
charge state. Since the initial studies, the performance of 
the source in the conventional minimum-5 configuration 
has been significantly enhanced with various 
improvements and modifications made to the source and 
the use of a new off-axis RF coupling system. Similar 
enhancement in performance is expected for the flat-5 
configuration. 
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Abstract 
The results of numerical studies of the electric field 

distributions in a spiral inflector, designed for axial 
injection system of ^, D~ and He** beams into the Oak 
Ridge Isochronous Cyclotron (ORIC), are presented in 
this report. Discrepancies are found between the electric 
fields obtained from numerical computations and those 
derived firom theoretical field distributions within the 
inflector. Fringe fields at the entrance to the inflector, in 
combination with the field discrepancies, lead to 
significant deviations in particle trajectories fi-om those 
derived firom analytical expressions for fields within such 
devices. A method is described for shaping the electrode 
surfaces of the spiral inflector that is effective in 
compensating for fiinge fields at the entrance to the 
inflector and a simple solution is introduced that 
eliminates the seemingly unavoidable shift in the central 
beam path. As a consequence of these studies, we arrive 
at a design for a spiral inflector that operates at a low 
voltage with greatly improved optical properties in which 
the paths of injected particles are precisely known. 

1 INTRODUCTION 
In order to deliver higher intensity. If, D* and He** 

beams for ISOL target production of radioactive species 
for post acceleration at the Holifield Radioactive Ion 
Beam Facility (HRIBF), an axial injection system for the 
ORIC has been proposed [1]. The injection system utilizes 
a spiral inflector to inject beams from an external ion 
source system into the gyration plane of the cyclotron [2]. 
For this application, the energy of the injected beam must 
be as high as practical in order to reduce space charge 
effects associated with the high-intensity beams required 
to meet future radioactive ion beam intensity needs at the 
HRIBF. However, maximum injection energies are 
limited by the voltage-holding capability of the device. 

A spiral inflector must bend beams through 90 degrees 
into an orbit that, after first turn acceleration by the 
cyclotron dees, misses the device. Therefore, the physical 
size of the device must be small. Belmont and Pabot 
invented the first spiral inflector at Grenoble [3] to fit 
within the limited space available in the central region of 
their cyclotron. The device demonstrated a high injection 
efficiency (up to 100%), superior to that of an 
electrostatic mirror. Since this development, these devices 
have been widely used in axial injection systems [4-6]. 
However, it is well known that beam trajectories within a 
spiral inflector do not follow the theoretical path and are 
shifted by the action of fiinge fields at the entrance to and 
exit firom the inflector [7,8]. By modifying the electrodes 

at the entrance to the inflector, these shifts can be reduced 
but cannot be completely eliminated by this method. It is 
a common practice to design a spiral inflector with an 
electrode gap size nearly twice that of the beam 
dimension to guide the injected beam through the spiral 
electrode system. This design requires that higher 
voltages be applied to the device. The inflector, described 
in this paper, eliminates path shifts and operates at much 
lower voltages than prior art devices. 

The results of numerical electric field studies for the 
inflector with the 3D finite-element code ANSYS [9] 
show that, aside from fringe-field effects at the entrance 
and exit of these devices, electric-field distributions inside 
inflectors do not agree with those derived from theoretical 
treatments of the problem due to the nature of the twisted 
electrode structures. These effects lead to significant 
deviations of particle trajectories through these devices 
that affect the accuracy of injection into the gyration 
planes of cyclotrons. By reshaping the electrodes at the 
entrance and exit of the spiral inflector, discrepancies of 
the electric fields within the inflector can be reduced and 
completely eliminated by re-centering the inflector 
electrode system. 

2 DESIGN OF THE SPIRAL 
ELECTRODES 

A spiral inflector with an electric bending radius, A = 
4.06 cm, and magnetic gyration radius, R = 2.11 cm and K 
= 1.13 (Z is defined in Refs. [2-6].) has been designed for 
injection of 50-keV proton beams into the ORIC. The 
central beam trajectory in the spiral inflector, derived 
analytically, serves as the starting point for the design [2]. 
Fig. 1 schematically represents the spiral inflector 
electrodes. Since the structure is twisted, electric-field 
distributions inside the inflector will deviate from those of 
the symmetrical structure resulting in combined forces 
from all the adjacent surfaces that alter the trajectories of 
particles through the system, as seen in Fig. 2. 

Since the spiral inflector has an entrance to and exit 
from a gap between the twisted electrode pair, fringe 
fields exist at the entrance and exit of the inflector. Fig. 3 
displays the computed and theoretical electric-field 
distributions at the mid-point of the spiral inflector. 
Although the fiinge fields at the exit of the inflector are 
modified by the RF field of the cyclotron dees, the major 
component of the field accelerates beams toward the dees, 
and therefore, does not appreciably affect the trajectories 
of particles since they have afready passed through the 
inflector. However, the same is not true for particles at 
enfrance to the device, the field pushes the trajectories 
away from the desired path. The maximum shift of the 
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central beam inside the original spiral inflector is 
approximately 1 mm, as simulated with a code especially 
written for calculating this effect [2]. 

Fig. 1. Computed electrodes of a spiral inflector. 

In situ design In situ design 

(a) Symmetrv- eleclrodcs (b) Twist electrodes 

Fig. 2. Actual direction of electric fields (solid arrow) and 
those of the in situ design (dashed arrow) in (a) symitietric 
electrode system and in (b) a twisted electrode system. 
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4.0 •• 
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Fig. 3. Calculated and theoretical-field distributions of the 
original spiral inflector, fields at exit of the inflector are 
influenced by the cyclotron RF field. 

By shortening the inflector electrodes at entrance to 
compensate for the fringe field, the shift in beam path can 
be reduced (e.g., shortening by 1.1 mm reduces the central 
ray shift to -0.4 mm). Fig. 4 shows the electric-field 
distribution at the mid-plane of the spiral inflector with 
the electrodes shortened by 1.1 mm. However, the method 
cannot eliminate the beam path shift completely because 
electric field discrepancies inside the twisted electrode 
structure are unaffected by this operation. In fact, after 
shortening the electrodes, the position of the electric field 
curvature is changed, as noted in Fig. 4. The direction of 
the fiinge field is rotated by -3.5°, although not obvious 
in the figure. 

Fig. 4. Calculated and theoretical field distributions of the 
spiral inflector with the entrance electrodes shortened by 
1.1 mm. 

3 ROTATION OF THE ELECTRODES 
Discrepancies between the calculated and theoretical 

electric-field distribution inside the spiral inflector can be 
seen by comparison of the three field components. 
Significant differences only occur for the perpendicular 
field components (x andj components). Fig. 5 shows the 
calculated and theoretical x andj' components of the field 
inside the inflector. The calculated fields have magnitudes 
quite close to those of the theoretical forms but have 
slightly different peak locations. However, these 
seemingly very small differences lead to significant shifts 
in positions of beam trajectories in the device due to the 
twisted nature of the electrodes, and therefore, have 
significant influences on the accuracy to which beams can 
be injected into the central region of a cyclotron. 

2.5 3.5 
Path (cm) 

Fig. 5. Computed and theoretical perpendicular electric 
field components. Ex and Ey inside the spiral inflector 

By rotating the inflector electrodes horizontally, the 
field discrepancies within die twisted electrode structure 
can be reduced. The following term is used to determine 
the rotation of the electrodes [2], 

S<l> = F-{2Kb 
{IKbY 
K-n -] (1) 

where, F is constant and; b is the particle deflection angle 
fi-om the axis of the magnetic field (0 to Jt/2). (For 
definitions of other parameters, see Ref [2].) 
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Fig. 6 shows the perpendicular electric-field 
components of the theoretical distributions in the spiral 
inflector and those computed with the inflector electrodes 
rotated for F = 0.027. As noted, the discrepancies in 
electric-field distributions are reduced. After the 
shortening of the electrodes, the shift in the central beam 
path inside the inflector is reduced from 1 mm to -0.7 
mm. 

1.5 2.5 3.5 
Path (cm) 

4.5 5.5 

Fig. 6. Calculated and theoretical perpendicular electric- 
field components, Ex and Ey inside the spiral inflector with 
electrodes rotated at F = 0.027. 

Rotation of the inflector electrodes can also be used to 
partially compensate for fringe fields at the entrance to the 
spiral inflector and thereby, reduce shifts in the beam path 
[2]. Shortening the electrodes at the entrance to the 
inflector reduces the effective length of the electric bend 
and therefore, the voltage across the inflector electrodes 
must be increased accordingly. However, rotating the 
entrance electrodes of the inflector does not affect the 
operational voltage of the device. Fig. 7 shows top views 
of the spiral electrodes of the design before and after 
rotating the electrodes at entrance by 15°. The beam path 
shift is reduced to approximately 0.6 mm after rotation. 

(a) Original spiral inflector (b) Entrance electrodes rotate 15° 

Fig. 7. Top view of the spiral inflector electrodes: (a) the 
original design; (b) entrance electrodes rotated by 15°. 

4 RE-CENTERING THE INFLECTOR 
Fringe fields effects at the entrance to the spiral 

inflector and discrepancies of the electric-field 
distributions inside the device displace the injected beam 
away from the intended path. In principle, the shift in path 
can be completely eliminated by shortening the entrance 
electrodes and by rotation of the electrodes appropriately. 
However, such iterations require many time consuming, 
tedious numerical computations because of the 
complicated electrode structure and the large effects on 
beam trajectories caused by small changes. Nevertheless, 
a spiral inflector with zero shift of the central trajectory is 

pursued that can operate at relatively low voltages for 
injection of 50 keV p and 59 keV c? beams into the ORIC. 
A conventional large-gap spiral inflector is not 
commensurate with the available space and energies of 
beams required for an axial injector for the ORIC because 
of the high voltages required for operation and the 
incumbent high voltage breakdown and shorting problems 
that accompany this design. 

A simple solution has been found that can be used to 
completely eliminate beam path shifts inside an inflector. 
The technique involves the re-centering of the spiral 
inflector according to the actual (or precisely calculated) 
central beam path. This re-centering technique is 
performed in two steps: (1) by calculating the central 
beam path in the original inflector, and then (2) by re- 
centering the inflector electrodes according to the shift in 
the calculated central trajectory. By use of these simple 
procedures, the shift in central trajectory can be reduced 
to less than 0.1 nmi and the gap size and operational 
voltage can be reduced by -40%. 

5 CONCLUSIONS 
Numerical electric-field analysis provides a powerful 

tool for the design of spiral inflector systems. Fringe-field 
effects at the entrance and field variations within the 
inflector cause deviations of the central trajectory from 
the desired path. By re-shaping the inflector to 
compensate for fringe-field effects and re-centering the 
elecfrodes of the inflector according to the actual beam 
trajectory, beam path shifts can be completely eliminated. 
A low voltage, high transmission efficiency, spiral 
inflector design for accurately injecting intense beams 
into the central magnetic field regions of cyclotrons can 
be realized. 
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AN RFQ INJECTION SYSTEM FOR THE HRIBF 

Y. Zhang and P. E. Mueller 

Oak Ridge National Laboratory, P.O. Box 2008, Oak Ridge, TN 37831-6368, USA 

Abstract 
At the Holifield Radioactive Ion Beam Facility 

(HRIBF) at Oak Ridge National Laboratory (ORNL), 
molecular ions extracted from a positive ion source and 
subsequently broken up in a charge-exchange cell produce 
Radioactive Ion Beams (RIBs) with several hundred eV 
energy spread, preventing effective magnetic isobar 
separation. In order to perform magnetic isobar 
separation prior to charge exchange, a multi-harmonic 
buncher and a 12-MHz RFQ (Radio-Frequency 
Quadrupole) is proposed to supplement the present 300- 
kV injection system for the 25-MV tandem electrostatic 
accelerator. The RFQ will be mounted on a variable high 
voltage platform to accelerate ions with masses from 10 to 
150 amu. 

1 INTRODUCTION 

The HRIBF [1] has been successfully conducting a 
research program of nuclear structure physics [2], nuclear 
reaction physics [3], and nuclear astrophysics [4] for 
several years. It is one of the first-generation Isotope 
Separation on Line (ISOL) RIB facilities. At the HRIBF, 
the target/ion source is mounted on a 300-kV rated 
platform. A light-ion beam from the Oak Ridge 
Isochronous Cyclotron (ORIC) bombards the target 
producing radioactive nuclei that are extracted from the 
ion source as 20-keV singly charged positive ions and 
subsequently accelerated to 40 keV. Negative ions are 
required for injection into the 25-MV tandem electrostatic 
accelerator. Therefore, after first-stage magnetic mass 
separation, the 40-keV singly charged positive-ion beam 
is injected into a recirculating jet cesium vapor charge- 
exchange cell. The energy spread of the resulting 
negative-ion beam is several tens of eV for an injected 
positive atomic beam and several hundreds of eV for an 
injected poshive molecular beam, the increase being due 
to the three-body kinematics of molecular breakup. The 
negative-ion beam is finally accelerated to a nominal 
energy of 200 keV and sent through a second stage 
magnetic isobar separator with an intrinsic mass 
resolution of 20,000 prior to injection into the tandem 
accelerator. 

Unfortunately, the actual mass resolution of the isobar 
separator is significantly degraded by the energy spread 
due to positive atomic beams and essentially eliminated 
by the energy spread due to positive molecular beams. 
This is a serious problem, particularly in the case of the 
high isobar contamination of RIBs that are produced from 
fission products. Various element specific isobar 
separation techniques are available  [5], but magnetic 

isobar separation is applicable to a wide range of RIBs. A 
multi-harmonic buncher and a 12-MHz RFQ is proposed 
here to supplement the existing high voltage platform 
system. Charge exchange would be performed after 
isobar separation and before injection into the RFQ, 
which, in turn, would inject into the tandem accelerator. 

A negative-ion beam cooler is also being studied at 
ORNL to reduce both the longitudinal and transverse 
emittance of RIBs [6]. If successful, the cooler could be 
used with the 300-kV platform system when negative-ion 
sources are used and charge exchange is not required. 

2 LAYOUT OF INJECTION SYSTEM 

Fig. 1 shows the present injection system for the 
HRIBF. Fig. 2 shows the proposed injection system for 
the HRIBF consisting of a multi-harmonic buncher and a 
12 MHz RFQ. In the new system, the RIB is transmitted 
to the isobar separator at 60 keV instead of 200 keV. The 
charge-exchange cell has been moved downstream of the 
isobar separator. The RFQ is mounted on a ±100-kV 
platform to accelerate ions with masses from 10 to 150 
amu. Due to severe space restrictions, both the diameter 
and the length of the RFQ are limited to approximately 
one meter. Consequently, there is no adiabatic bunching 
section, which would resuU in an RFQ more than three 
meters long. A multi-harmonic buncher that is designed 
to capture more than 80% of the injected DC beam can be 
located at groimd potential within the available space. 

Analysing 
magntt 

300kV platform 

Fig. 1. Present injection system for the HRIBF. 

To isobar 
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Fig. 2. Proposed RFQ injection system for the HRIBF. 

In the RFQ injection system, the target/ion source is at 
60 kV, and the frrst-stage mass separator and charge- 
exchange cell are now at ground potential. This will 
enhance operation and maintenance of the proposed 
injection system. Fig. 3 shows the beam envelopes from 
the image sUt of the isobar separator to the entrance of the 
RFQ, calculated with the TRACE3D code [7]. 
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Fig. 3.  Beam envelopes of the RFQ injection system from the 
isobar separator image slit to the entrance of the RFQ. 

3 MULTI-HARMONIC BUNCHER 

The multi-harmonic buncher will have 12, 24, 36, and 
48 MHz modes with relative voltage amplitudes of 1.0, 
0.44, 0.23, and 0.12, respectively. Since the beam may 
have several hundred eV energy spread after charge 
exchange, the buncher should be as close as possible to 
the RFQ to minimize time dispersion. Mounting the 
buncher on the +100-kV platform along with the RFQ 
would minimize the distance between the two at the 
expense of requiring more RF power at high voltage. 
Table 1 lists features of a buncher located at ground 

potential for different ion masses. Since the time spreads 
of the bunched beams are less than the acceptance of the 
RFQ, this buncher design is satisfactory. 

Table 1. Features of the multi-harmonic buncher. 
Ion Equivalent drift Bunching Full width 

mass length (cm) voltage (kV) (ns) 
10 222.2 0.695 12.0 
20 97.9 1.11 8.7 
40 50.8 1.55 7.4 
80 32.2 1.81 7.7 

150 25.0 1.82 10.1 

The longitudinal phase space for a 20-amu bunched 
beam and the longitudinal acceptance separatrix of the 12- 
MHz RFQ are shown in Fig. 4. The bimcher can capture 
84% of the DC beam for injection into the RFQ in 
principle. However, there is a 15% beam loss due to the 
buncher grids [8] that reduces the overall efficiency to 
approximately 70%. This is less than that of an RFQ with 
an adiabatic bunching section, but still acceptable. 
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0.06 - ■ 
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-20 -10 0 
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Fig. 4.   Longitudinal phase space of a 20-amu bunched beam 
and the acceptance separatrix of the 12-MHz RFQ. 

4 HEAVY ION RFQ 

A 12-MHz heavy-ion RFQ with overall length of one 
meter has been designed using the code PARMTEQ [9]. 
Fig. 5 shows the various beam profiles at the exit of the 
RFQ with an injected 1-keV/amu 150-amu singly charged 
negative beam. The normalized transverse acceptance of 
the RFQ is 0.6 Ti-mm-mrad. The maximum required RF 
input power is approximately 15 kW as with the Atlas 12 
MHz RFQ [10]. Because the RFQ has a narrow velocity 
acceptance, it must be mounted on a ±100-kV platform in 
order to accelerate RIBs from 10 to 150 amu. The 
injection parameters for different ion masses are listed in 
Table 2. 

Various existing and proposed RFQs utilize split- 
coaxial [11,12], ring-connected [13], split ring [14] or 
four-rod spiral [15] structures to achieve low resonate 
frequencies. Since the proposed HRIBF RFQ has 94 cm 
electrodes, a split-coaxial structure would exceed the one- 
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meter tank diameter restriction. However, a four-vane 
spiral structure with its larger end capacitances should 
reduce the tank diameter sufficiently. Fig. 6 shows the 
electrode structure of the RFQ. Some design parameters 
for the HRTOF RFQ are given in Table 3. Further 
mechanical, thermal, and RF efficiency studies need to be 
conducted. 

Table 3. Design parameters for the HRIBF RFQ. 
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Fig. 5. PARMTEQ simulation of beam profiles at exit of the 12- 
MHz RFQ (Units: energy in MeV, phase in degree, x-y in cm). 
Ion mass: 150 amu; Charge: -1; Injection energy: 150 keV; 
Output energy: 774 keV; Normalized transverse acceptance: 0.6 
Ji-mm-mrad. 

Table 2. Injection parameters for different ion masses. 
Mass EiN UpLATFORM URFQ EoUT 

keV kV kV keV 
10 60 -50 6.67 102 
20 60 -40 13.3 143 
40 60 -20 26.7 226 
60 60 0 40.0 310 
80 60 20 53.3 393 

100 60 40 66.7 476 
120 60 60 80.0 559 
140 60 80 93.3 642 
150 60 90 100 684 

Fig. 6. Electrode structure of a four-vane spiral RFQ. 

Resonate frequency 12 MHz 
Injection energy 1 keV/amu 
Output energy 5 keV/amu 
Inter vane voltage 100 kV 
Vane length 94.2 cm 
Number of cells 33 
a 0.8 cm 
m 1.5 
Os -25° 

5 CONCLUSIONS 

A multi-harmonic buncher and 12-MHz heavy ion RFQ 
injection system can allow magnetic isobar separation 
prior to charge exchange of positive atomic and molecular 
RIBs at the HRIBF. Isobar contamination of RIBs will be 
significantly reduced with the proposed injection system. 
Operation and maintenance of the target/ion source and 
other devices presently mounted on the 300-kV platform 
will be simplified. 
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MICROWAVE RADIATION STIMULATED BY ATOM OR ION BEAMS 

V.Grishin*, Institute Nuclear Physics of Lomonosov Moscow State University 
119992 Moscow, Russia 

Abstract 

Perspectives of high-frequency stimulated emission 
source applying accelerated beams of charged atoms which 
ones are widely used at present are analyzed. Radia- 
tion mechanism based on high-frequency intratomic elec- 
tronic transitions due to anomalous Doppler's effect on 
slow waves is considered, while the low-fi-equency oscil- 
lations of atoms are neglected. Several slow surface wave 
systems with dielectric layers are estimated. In aggregate 
process has a complex nature since photon radiation is ac- 
companied by excitation of atoms with following emission 
of more high-frequency photons. Requires to parameters 
of such systems and atomic beams for observation of stim- 
ulated emission needed for diverse applications are estab- 
lished. 

INTRODUCTION 

In the present work one of new possibilities of generation 
(specially created or as an attendant effect) high-frequency 
radiation with the help of fast beairis of atoms or ions is 
considered. Fluxes of atoms, in which electrons remain in 
ground states, as well as system with excited atoms, can be 
unstable and be sources of high-frequency coherent elec- 
tromagnetic radiation. 

From an electrodynamical point of view an atomic flux 
is a flow of electron oscillators which ones due to anoma- 
lous Doppler's effect even in non-excited state can be a 
source of induced radiation. Here radiation of photons is 
supported by transferring of the particle kinematic energy. 
Besides the effect is accompanied by an inverse change of 
interior states of oscillators. Said is concerning to beams 
of both neutral atoms and positive and negatively ionized 
ones (if to neglect the interaction of latter with rather low 
frequency oscillations where the ions figure only as un- 
structured massive charges; therefore further specially is 
not stipulated charge states of atoms). 

This mechanism, marked on a heuristic level still in 
[1,2], discovers broad application in systems with elec- 
tronic beams (see, for example, [3]). Now analysis of 
atomic systems acquires also practical interest in connec- 
tion with wide possibilities for deriving fast atomic and ion 
beams on modem accelerators. 

One of the key moments is the estimation of excitation 
requirements of the mentioned above radiation of high- 
frequency collective instability in originally undisturbed 
flow of atoms.   The anomalous Doppler effect can be 

* grishin@depm.sinp.msu.ru 

watched in systems with slow (in comparison with an atom 
beam) electromagnetic waves. One of them can be the 
gaseous medium. This case is parsed (apparently for the 
first time) in work [4] (author and T. Novikova). It was 
indicated that in similar system the effect of stimulated ra- 
diation can be watched, at least in infrared range of radia- 
tion. By analogy with a known case of Cerenkov instability 
of a charged beam in plasma [6], the marked effect of in- 
duced radiation of atoms can be described as manifestation 
of atomic two-stream instability (including, as well as in a 
plasma physics, case of a motionless gas). 

However practical observation of effect will be enough 
difficult. In particular, the processes of a dissipation are an 
actual hindrance to development of induced high-frequency 
excitation, that defines rather small lifetime of exited states 
of atoms in a beam and gas. Therefore it is necessary to 
utilize here a dense gas and intensive beams rather acceler- 
ated. 

Therefore it is expediendy to analyze other varieties of 
systems with atomic beams, for example, systems with dif- 
ferent dielectric elements. In particular, the system is of in- 
terest, in which walls of the drift chamber are plated with a 
dielectric layer possessing high coefficients of a refraction 
and transparence in the region of presupposed radiation fre- 
quencies. In such a scheme the excitation of slow surface 
waves (like as Smith-Purcell's waves ) is possible, which 
ones can actively interact with slipping beams of particles. 
Let's remind that Cerenkov free electron lasers which ones 
have the similar scheme was experimentally tested, at least, 
in far infrared region[5]. 

ANALYTIC APPROACH. ESTIMATIONS 

Consider a conventional boundary problem being analog 
to practical systems. The monochromatic atomic beam is 
injected with velocity Vg = PeC where c is the light ve- 
locity, along the axis z in half-infinite space {z > 0) of a 
travelling chamber near to its lateral wall plated with a di- 
electric layer. In an initial point of the chamber, a trigger- 
ing signal is put in as an electromagnetic wave propagating 
along axis z: 

(E, B) = (E, B)oexp{i{kz - wf)). 

Here w and k are frequency and wave vector of a sig- 
nal. Allowing fast damping of a amplitude wave across 
the chamber, it is possible to neglect curvature of a wall 
and be restricted to considering of a flat one-dimensional 
problem. Then the excited slow wave has configuration: 
E = {E^, 0, E,), andB = (0, By, 0). 
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Here axes {x, y) are directed across and along a wall of 
the chamber; the system is homogeneous along the axis y. 

Evolution of a signal during its propagation together 
with a beam along system will be featured by the disper- 
sion equation [6]: 

Ki ton (KI a) = —ei K2 /€2 (1) 

where Ki = y/enj'^/c^ - F, K2 = \/k'^ - e-iuP^jc^, 
ci is a permittivity of dielectric layer with thickness at a, 
and £2 is permittivity of atomic medium. The latter gener- 
ally consists from atomic gas filling the chamber near wall 
volume (a sub-index p), and atomic beam (sub-index 6). 
Therefore [7] 

£2 = 1 -f- 
w' 

+ 

2ftp(^p-w-^^p) 

2f^6(f2b-Fa;,-hir6)w2' (2) 

where 
'^p,6=(47re2iVp,b/p,6)/TO. (3) 

Here e and m are charge and mass of electron, N^f, is 
atom density of gas and beam, /p,b and J^p,6 are oscillator 
force and frequencies of electron transitions in the nearest 
exited atom states (other transitions are neglected), Tp^t 
are values opposites to times of life in exited states, w; = 
IJ3 — kVe- 

In virtue of said above, the terms in which atoms, if they 
are not neutral and act as massive unstructured charges, are 
omitted in the ratio (2). Further it is necessary to say that 
frequencies of excited waves are close to resonant ones. 
It is important also that atomic beam is lowly relativistic. 
Due to this the difference between longitudinal and cross 
components of beam dielectric tensor can be neglected. 

Let's address at first to a case when it is possible to ne- 
glect the influence of gas in the vacuum chamber. Disper- 
sion properties of a waves in "cold" system (without beam) 
are defined by the equation (1) at w^ -+ Oand €2 -> 1. 

The influence of a beam is strongest near to frequency 
w ~ A; We - fib (slow beam wave is "working" here; stable 
fast wave w ~ A; Ve -I- ^6 is not taken into account in the 
equation (1)). The interaction of a beam with environment 
gets resonant character if values of frequencies and wave 
vectors simultaneously coincide with one of own values of 
these parameters WQ and fco for waves in cold system: 

Wo = fco Vpfe ;   Wo = fco Ue - fib (4) 

where Vph is phase velocity of a wave in cold system. 
Obviously, the resonant conditions (4) are consistent, if 
^e   >   Vph.    Then the frequency generated is WQ   = 
^bl{Ve  - Vph). 

Believing now condition (4) executed, we write down 
k = ko + 6k. Considering | J fc |< fco also we obtain from 
(1) and (2) the equation: 

dk{6k - irf) = -Q, (5) 

where 7/ = Tb/ve, Q = {■K''i^l^b)/{^o?c^k^) .UtK 
we use in virtue of fco a » 1 that the solution of the cold 
dispersion relation gives Ki a ~ 7r/2. 

Estimation for increment of assumed spatial amplifica- 
tions of the initial signal follows from here: 

ImS k = (-v/4Q + ri^ + r]\ /2 (6) 

Amplification (i.e. stimulated radiation) takes place if 
ImSk < 0 [8]. We see the equation (6) gives no threshold 
condition for development of a stimulated radiation. 

Swift development of a stimulated process can be ob- 
served only in the case of using a very intensive atomic 
beam when 

tvi > 
TT^ vl fife (7) 

Practically, for low current beams we have 4 <5 < 7?2, and 
Im{8) k ^ Q Ve/Tb. So we should not neglect a signal 
absorption in the dielectric layer. Therefore we must make 
a change ei -^ ei +iSei. Then the first multiplier un- 
dergoes a modification 

6k -* 6k — i(^ 

where 

c = ei^pfe /^'-^...   ^'^^'^^ 
ei^a 4k^a^ ei 

In this case an amplification appears if threshold condi- 
tion is carried through: Q > C ??, and the increment value 
is 

Im6k = (-V^4Q + (C - 77)2 + c + »,) /2 

For transparent media there is the condition C < l,and 
a signal absorption reveals very weakly. For high current 
beams a stimulated radiation can take place also in a low 
transparent dielectric. 

Judging by (5) and (8), reasonably acceptable minimal 
values of density beam cortesponds to intratomic transi- 
tions in infra-red radiation with fip < IQi^ ^ 10^^ c~^, 
i.e. with length of a radiated wave A > 1.5 ^ 15 mkm. 
However only long-lived transitions with Tp^b ^ iC C^ 
can participate in stimulated process. At last, the atomic 
beams should be enough accelerated with (3 > 0.1, that 
corresponds to energy of particles about > 5 MeV / nu- 
cleon. 

Therefore beams of the accelerated negative ions of light 
atoms can be real objects for observation of the phenomena 
examined there (for example, H~, widely used nowadays 
in experiments [9]). So, at Oft = 10"c-i./3e = 0.1-0.3, 
development length of instability makes tens centimeters 
for slipping beams with density at several 10^^atom/cm^. 

However here it is necessary to make one rather impor- 
tant addition. The beam, sliding along a wall of the cham- 
ber, will inevitable form a gas cloud. Density of gas can 
reach the rather large values, and the thickness of a cloud 
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will surpass considerably a wave length of radiation gener- 
ated. To estimate influence of gas it is necessary to address 
again to the relation (1) and to use the relation (2). Atomic 
gas, marked in (2) by sub-index p, changes a spatial dis- 
tribution of electromagnetic waves, and can make damping 
of their amplitude. So the wave spatial distribution in cold 
system (w^ —> 0 )is described by function exp{ — K2 X) 

where only the real part of second number in e 2 is present. 

We see that the wave spatial cross-decreasing can be 
weakened for a sufficiently dense atomic medium. More- 
over if i?e €2 WQ / c^ > fcf, the wave character is changed 
principally: the wave cross structure becomes oscillatory. 
In this case a wave generated is deeply penetrating in beam 
zone. In resuh the increment of agitation rises considerably 
(see [10] too). Besides the beam boundary can be displaced 
from a chamber wall, that is realized in practical schemes. 

But this conclusion is correct only in certain frequency 
strip. Really, Re £2 obtains a maximum if WQ —> Clp + Tp, 
and Re€2 -* 1 as ~ 1/A where detuning A = |0p - 
Wo I . In the same time the imaginary part (responsible for 
signal damping) /m £2 —^ 0 as ~ 1/A^. Therefore since, 
as a rule for gas atoms, Up » Tp in frequency strip with 
flp » A » Tp gas damping is not important. 
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CONCLUSION 

Present work is aimed at to attract attention on very in- 
terest and non-ordinary phenomenon — on high frequency 
radiation by fast flux of heavy particles with complex struc- 
ture. Ones of objects for possible application of heavy par- 
ticle fluxes are different plasma traps. Radiation provoked 
by particle flux can signal about state of gas and plasma 
densities, pollution of chamber wall and so on. 

Of cause it is necessary to analyze (for estimation of in- 
formation obtained) the influence of various accompany- 
ing processes - excitation, ionization and the dispersion 
of atoms of a beam and gas. Nevertheless we may as- 
sume that these processes have an effect only for subse- 
quent stages, because an effective cross-section of atomic 
collisions already for slightly relativistic particles does not 
exceed about 10"^^ cm^. 

Therefore the doubtless interest represents the investi- 
gation of fiuther dynamics of considered above processes, 
which (after fast excitation of beam during of radiation on 
slow wave) can result in additional radiation of photons (on 
fast wave!). 

The work is carried out under support of Russian 
Foundation for Basic Researches, grants NN 02 — 02 - 
16941,03-02-16587. 
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EFFECTIVE SOURCE OF SHARP FOCUSED ELECTROMAGNETIC 
RADIATION OF ELECTRONS WITH MODERATE RELATIVISTIC 

ENERGY 

V. Grishin^ S. Likhachev, Institute of Nuclear Physics of Lomonosov Moscow State University, 
Moscow, Russia 

Abstract 

The new circulation scheme of intense bremsstrahlung 
source with a sharp directed flow of X-ray and gamma- 
photons is proposed. In traditional sources the summary 
output, due to notable self-absorption of generated photon 
in target, makes no more than 1/3 from all radiative 
electron losses. Besides because of strong electron 
scattering in the target material, the photon radiation 
happens in an angle, which is much more than an inverse 
electron relativistic factor. In a circulating source the thin 
target placed in a magnetic field is used, and electrons are 
radiating, multiple crossing the target. Thereof all flow of 
generated photons is kept, and the total radiation output 
essentially raises. The new configuration of magnetic 
fields improving the electron focusing and simultaneously 
reducing angular divergence of radiation is considered. 
Moreover the scheme permits to produce here a lateral 
drift that displaces circulating particles and to"cleans" a 
target space. Computer modeling with using of the 
software package GEANT confirms high efficiency of 
proposed scheme. So the yield of hard photons in 5- 
degrees cone rises at order in comparison with traditional 
devices. Accordingly, the portion of widely dispersed 
radiation is reduced. 

INTRODUCTION 

Hard X-ray and gamma-radiation of relativistic 
electrons are actively erhployed in different fimdamental 
researches and manifold industrial applications, and it is 
very important to increase efficiency of their generation. 
In present work the new scheme of bremsstrahlung 
radiation source (BRS), one of most spread sources of 
hard radiation, is proposed. 

The traditional BRS have a series of essential defects 
owing to which the small part of possibilities included in 
the mechanism of bremsstrahlung radiation (BR) can be 
utilized only. In the main, it is explained by a certain 
contradiction of the requirements declared to traditional 
BRS. In the latter electrons with given energy are directly 
dropped on the bremsstrahlung target made. The 
generation of bremsstrahlung photons grows in 
accordance with thickness of the target. However the 
photon absorption increases in a material of the target in 
the same time. An optimum target thickness is equal 
approximately to 0.3-0.5 part of electron range in the 
target material when tiie BR yield reaches a maximum. In 

grishin@depni.sinp.msu.ru 

total, the noticeable part of initial energy of radiating 
electi-ons is "unexpended", and the optimum summary 
output of BR energy makes no more than 1/3 from all 
radiative losses of electrons in the target 

In reality even this limit is not reached. Due to a 
sti-ong dispersion of electi-ons in the target the radiation of 
photons happens in a cone, a polar angle of which is much 
more than an elecfa-odynamic limit 1/ye where ye is the 
relativistic factor of an electi-on. At the same time 
scattering angle of electi-ons is 9^ » Vt/ye where t is the 
target thickness. Therefore the angle of a radiation cone 
forecasted theoretically can de observed only at rather 
small thickness about 10 microns (for a tungsten target) 
that is much less than the optimum value. In the total, the 
radiating electrons spend no more than third of initial 
energy. 

The marked BRS inconsistencies and defects can be 
removed in circuital scheme proposed below. In this 
scheme the thin target immerged in a magnetic field is 
used, and electirons hitting the target are retummg back. In 
results the electrons are multiple crossing the target and 
gradually losing all initial energy. In the tiiin target the 
soft photons are absorbed rather weakly. Therefore all 
generated photons are radiated, sharply raising an 
aggregate photon output. 

Notice that the scheme of circuital BRS was offered 
for the first time in work [2], which reflected different 
features of such sources. Then similar schemes were 
considered in other works [3-6] and partly in [7]. Mark 
that only in the works carried out with author's 
participation, an attention is paid to an estimate of device 
efficiency. In the present work the more effective scheme 
of BRS with a magnetic field with planar symmetry is 
considered. It is shown by a method of computer 
simulation that in this case BRS have noticeably higher 
overall yield and much best angular characteristics of 
radiation. Thank to applicaion of a special magnet system 
the circuital source efficiency is essentially risen, and 
sharp direction property of BR is restored. 

SOURCE LAYOUT. MAGNET SYSTEM 
PROPERTIES 

The experimental setup proposed is represented in Fig. 1. 
Here in a vacuum chamber VC a target T is installed. The 
target is immersed in a magnetic field. The election beam 
EB is injecting through a special channel El in a operation 
volume. Elections circling in the magnet field are hitting 
the target several times. Then they are been removed 
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through a channel EO. BR generated by electrons is been 
taken out through a photon channel BRO. 

Figure 1. The scheme of experimental setup. 

A magnetic field must carry out some functions. The 
first one is ensuring a stable circulation of electrons with 
their properly focused back fall on the target. The second 
one is a necessity to shift the rotating particles along the 
target. For this the special configuration of magnetic field 
is considered. At fu-st approximation a suitable field 
configuration can be creating by means of magnetic poles 
of a rather simple form. These are two parallelepipeds 
placed over and below the target and stretched along it. 
The poles are sUghtly shifted across target plane. In this 
case the fields dispersed on poles ridges are ensuring 
spatial focusing of circling particles. Due to a 
displacement of poles, mean magnitudes of fields are not 
equal "before and after" the target, and the latter provides 
a lateral drift of particles. By results of our previous 
works [3], the similar magnetic configurations provides 
reliable focusing of particles. 

However for sharp directed radiation obtaining, a 
system proposed must provide homogeneity of focusing 
for particles of various energies during a radiation cycle. 
Therefore a more fine magnet system must be applied if 
we want to reduce the radiation divergence. The latter 
requires circling electrons retum on the target along 
trajectories which are close to be parallel to preceding 
ones (in this case the divergence angle of electrons is not 
"accvunulated" ). The problem is being resolved in system 
with special profile of magnet poles optimized for 
reaching fiiU homogeneity of radiant particle focusing. 

MODELING AND RESULTS. 
BACKGROUND FACTOR 

In the present work, the method of computer modeling 
with use of the software package GEANT (CERN) is 
applied [8]. The software library GEANT represents 
extensive one of the programs for modeling atomic and 
nuclear experiments. 

As a result package GEANT allows to carry out a fiill- 
scale numerical experiment (in area examined by us) at 
reasonable expenses of computmg resources. Computer 
testing has been performed for new and traditional 
schemes with initial energies of radiant electrons at 5, 20 
and 50 MeV. Tungsten target thickness was equal to 0.1 
and 0.4 part of electron ranges in first and second 
schemes accordingly. 

Testing has confirmed the high efficiency of circuital 
schemes which ones are surpass at several times over 
traditional bremsstrahlung devices in generation of the 
fiill BR flux. 

But the main attention was paid to optimization of 
magnet system to obtain best focusing of circling electron 
and to deduce a radiation divergence. Finally we received 
very perspective and in certain aspects non-expected 
results. So some data describing characteristics of 
radiation generated in cone with polar angle at 5 ° are 
presented in fig. 2, fig.3, and fig. 4. 

Statistic of data illustrated corresponds to number of 
incident electrons at several hundreds of thousands. We 
see distributions of photon number yield along an 
energetic scale for different energies of incident electron 
in proposed and traditional schemes. 
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Figure 2. Dependence of specific yield of photon number, 
irradiated in cone with polar angle at5 ", per one incident 
electron with energy at 5 MeV on photon energy for 
circuital (curve 1) and traditional schemes (curve 2). 

Their comparison indicates that a circuital scheme 
"right" organized permits to restore BR sharp direction. 
Of cause the greatest effect is observed in sources with 
low initial energy electrons. However computer estimates 
indicate we obtain almost on the order a gain at electron 
energy of 50 MeV. 

Modeling data permit to make the other important 
conclusion. Introduce a term "background factor" (BF) 
which is equal to the relation of photon numbers radiated 
in 5 " - cone and in the rest space. 
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Figure 3. Dependence of photon number yield, irradiated 
in cone with polar angle at 5 ", per one incident electron 
with energy at 20 MeV on photon energy for circuital 
(curve 1) and traditional schemes (curve 2). 

Biaar.lV^ 

Figure 4. Dependence of photon number yield, irradiated 
in cone with polar angle at5 ", per one incident electron 
with energy at 50 MeV on photon energy for circuital 
(curve 1) and traditional schemes (curve 2). 

This factor allows to estimate "usefulness" and 
"efficiency" of device usage. So, for traditional and 
circuital devices with of electron energy 10 MeV we 
have, accordingly, BR = 0.5 and BR = 0.6 at the 
registration of photons of all energies, and BR = 0.55 and 
BR = 1.43 for photons with energy being higher 2 MeV. 

So the efficiency of the circuital device at hard photon 
radiation appears not only higher, but also at three times 
smaller "background pollution". 

CONCLUSION 

Thus computer testing confirms very high efficiency 
of proposed circuital scheme with new magnet system 
which allows to increase appreciably a total output and to 
improve considerably angular characteristics of BR 
radiation. 

The work is carried out under support of Russian 
Foundation for Basic Researches, grants ## 02-02-16941, 
03-02-16587. 
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EFFECTS OF PROPAGATION FOR HIGH POWER 
CW ELECTRON BEAM IN AIR 

S. Korenev, STERIS Corporation, Libertyville, IL 60048, USA 
I. Korenev, Northern Illinois University, DeKalb, IL 60115, USA 

Abstract 
The question of effects at during of propagation for high 
power scanning electron beam in air presents the 
scientific and applied interest. The high power (80 kW) 
CW electron accelerator Rhodotron with kinetic energy of 
electrons 5 MeV was used in the experiments. The 
experimental results for propagation of scanning electron 
beams in air are presented and discussed. The physical 
model for explanation of these results is suggested. 

INTRODUCTION 
The propagation for scanning relativistic electron beam 

in air observes effects of variation of current density and 
cross section of beam, erosion of beam front [1,2,3]. 
These effects can not be explain by standard physical 
models and it presents the motivation of this research. 

The results of experimental research for propagation of 
high power parallel scanning relativistic CW electron 
beam in air are presented in this report. 

EXPERIMENT 
The CW electron accelerator "Rhodotron" from IBA 

[4] was used in the experiments with next main 
parameters: 
• kinetic energy of electrons 5 MeV; 
• power of electron beam (max) 80 kW; 
• diameter of beam after foil window  8 cm; 
• repetition of scanning beam 60-100 Hz; 
• frequency of CW mode 108 MHz. 

The scanning mode for electron beam is given on Figure 
1. 

The current transformers (Rogowski Coils) and 
Faraday Cups with current shunts were used for 
measurements of beam current. 
The sensor for measurements of conductivity of air 
plasma is presented on Fig. 2. The principle of work for 
this sensor is next. The scanning electron beam across 
thin Ti foil and absorbed in the these foil with small 
factor. The capacitor C charges as a results of absorption 
of electron beam. When electron beam moves to other 
side from sensor, the capacitor C discharge on the resistor 
R. The air plasma forms by scanning electron beam is 
switch for this C-R circuit. 

The standard Cellulose TriAcetate (CTA) films 
dosimeters (FTR-125) were used for measurements of 
dose distribution in cross section. The CTA films with 
width 100 cm were fixed   with step 20 cm after foil 

window of electron accelerator.   The distance between 
first CTA film and foil window of accelerator was 10 cm. 

Current in scaning 
system 

Beam current 
from collector 

Figure 1: Scanning mode of beam 

Oscilloscope 
Tektronix 

Figure2: Measurements of plasma conductivity. 

EXPERIMANTAL RESULTS 
The cross section distributions of absorbed doses in air 
are shown on Figure 3. This distribution has place for 
electron beam in cross section. 
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Figure 3: The dose distribution in CTA film dosimeters in cross section of electron beam in air. 

The measurements of conductivity of air plasma are 
given high resistance air plasma. For current 1 mA the 
resistance between 1x1 cmxcm Ti foil and gap 1 cm is 
280 kOhm and resistance is 110 Kohn for beam current 
16 mA. 

DISCUSSION 
At during of the propagation of CW relativistic 

electron beam in air we can consider the next main 
physical processes: 
* the ionization of air molecules by electrons of beam 
and forming air plasma; 
* the heating of air and air plasma; 
* the chemical reactions with produce of ozone. 
The mechanism of forming of air plasma can be explain 

using of perpendicular component of beam velocity for 
ionisation of air molecules by electron beam. In this case 
we have low velocity and the cross section of ionisation 

by electrons increases. As a result of it, we form high 
resistance air plasma. The scattering of primary electron 
beam on the components of this air plasma leads to 

increasing of beam dimensions in cross section. The 
effects of neutralization of space charge of electron can be 
neglected for small value of beam current (the max 
current is 16 mA). 

CONCLUSION 
As results of conducted research we can make next 

conclusions: 
1. The beam current density is decreasing in cross 

section along propagation of electron beam in air. 
2. The air plasma forming by scanning electron beam 

has high resistance. 
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THE CONCEPT OF BEAM LINES FROM RHODOTRON 

FOR RADIATION TECHNOLOGIES 

S. Korenev, STERIS Corporation, Libertyville, IL 60048, USA 

Abstract 
Among of main requirements to electron beam for 

industrial radiation technologies the variation of absorbed 
doses in irradiated product and kinetic energy of electrons 
is very important for increasing of efficiency of processes. 
The CW electron accelerator Rhodotron has technical 
opportunities for design of multi-lines system for 
radiation lines in industrial scale. The variant of multi- 
lines system on the basis of Rhodotron is considered in 
the report. The variation of current beam and time 
characteristics with multistage kinetic energy allows 
realizing this concept. 

INTRODUCTION 
The radiation technologies have different requirements on 
the dependence of radiation process [1]. The variation of 
absorbed doses can be realize using many different 
methods including the speed of conveyer (time of 
irradiation), beam current, kinetic energy. For using of 
multi-line's system with few beams, the variant of lines 
with different kinetic energy was considered for 
Rhodotron. Rhodotron is described in paper [2]. The main 
problem for same throughput of irradiated product is 
variation of absorbed doses for same thickness of product. 

The concept of beam hues from Rhodotron is 
considered in this paper. 

MAIN CONCEPT 
The main concept of new beam lines consists in the 

variation of pulse duration of beam current for lines with 
fix kinetic energy: 

the using of one Rhodotron accelerator with 
system of distributions of beam- lines (see 
Fig.l); 

2. the using of time diagram for distribution of 
electron beams (see Fig.2). 

3. the suing of effects of Rhodotron for receiving of 
beams with step distribution of kinetic energy for 
electrons (see Fig.3,4). 

The main goal of this concept consists .in the receiving of 
simple system for irradiation of product with different 
thickness and different absorbed dose. It is very important 
question for radiation technologies. The question of 
multi-lines system discussed on the basis of separated 
electron accelerators with different kinetic energy. The 
multi-line system on the basis of accelerators is complex 
system and difficult engineering task. 

1. 

Figure 1: The main principle of muhi-beams lines. 

BEAM CURRENT 

TIME 

E1 

E2 

E3 

u E4 

E5 

Figure 2: Time diagram of multi-line 
mode for Rhodotron 
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Figure 3: Multi-lines system. 
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Figure 4: Structure of multi-lines with 
2 sides of irradiation. 

The absorbed doses D in irradiated product can be 
calculated using standard formula: 

m 
I -t 

where: E is absorbed energy, m is mass of irradiated 
product, E^ is kinetic energy (accelerating voltage), I is 
beam current, /? r is density of irradiated product , s is 
square of irradiated product and dop, is optimal thickness 
of irradiated product. 

The variation of kinetic energy allows the determination 
of optimal thickness for irradiated product. This type of 
accelerator allows to create the beam lines with step 
distribution of kinetic energy 1-2 MeV. The different 
thickness of irradiated product leads to increasing of 
efficiency of radiation process. 

The variation of time of irradiation by regulation of 
pulse beam from Rhodotron allows to regulation of 
absorbed doses. The value of beam current for all lines is 
same. 

The time diagram of supply of magnet system is same 
with pointed on Fig.2. 

The using 2 sides of irradiation allows to increase the 
thickness of irradiated product. It is very critical for high 
density of materials. 

The low level of absorbed doses about few kGy for 
many radiation technologies lead for simple variation of 
time beam in the beam -line. It is simple in the operation 
in comparison with speed of v conveyer. The other 
opportunity of variation of time irradiation is regulation 
by speed of conveyer line, but it is more technically 
difficult in comparison with regulation of time diagram 
for supply of magnet system for accelerator. 

The consideration of magnet system shows the 
realization of suggested concept. 

The simulation of magnetic field in the magnets of 
Rhodotron also shows the realistic approach. The 
development of current power supply with pulsed modes 
made big progress at last time with using of fast switches 
and it can be used for design of prototype of this system. 

The question of beam dynamics at the process of study 
and primary consideration of non-stability of electron 
beam in cavity allows to hope on the small factor of non- 
stability of electron beam. The question of influence of 
space charge in the complex dynamics of beam in cavity 
is open. The effects of influence of secondary electrons in 
cavity need to consider more detail. 

CONCLUSION 
In conclusion we can point, that considered concept of 

beam multi-lines on the basis of electron accelerator 
Rhodotron is attempt for increasing efficiency of 
accelerator and radiation processes. The considered 
concept can be modified on dependence of radiation 

■ process. The suggested concept of multi-lines system on 
the basis of Rhodotron permits to autoimmunization of 
full system 

Also I want to say thank you to many scientists for 
discussion of this topic, especially to John Masefield, 
Andrey Mishin, Vadim Dudnikoiv, Nikolay Mokhov. 
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Figure 1: Undulator segment - schematic view 

In the initial stages of the design, two possible cross- 
sectional shapes, "C" and "O", were considered. A C 
shape introduces asymmetry and is disadvantageous when 
deformation is considered, but the advantages of having 
open access to the magnetic structure and the vacuum 
chamber decided in favor of a C-shaped strongback. 

Table 1: Undulator Segment Parameters 

MECHANICAL ANALYSIS OF THE PROTOTYPE UNDULATOR FOR THE 
LINAC COHERENT LIGHT SOURCE 

B. Brajuskovic, P. Den Hartog, E. Trakhtenberg, ANL/APS, Argonne, USA 

Abstract 
The Linac Coherent Light Source (LCLS) will require 

undulators with unprecedented mechanical precision in 
order to achieve the magnetic field requirements. 
Distortion of the undulator strongback due to tiie thermal 
effects and magnetic and gravitational forces could 
seriously degrade the performance. To minimize the 
distortion, a C-type, fixed-gap undulator with titanium 
strongback will be used. An analysis of the design of the 
structure and a comparison of the predicted results with 
the mechanical requirements and with magnetic 
measurements is presented. 

INTRODUCTION 
The LCLS undulator will consists of 33 individual 

undulator segments. Each segment will be a permanent- 
magnet device, 3.42 m long, with 226 poles per jaw. 
Undulator segments will have a fixed gap of 6.3 mm. The 
electron beam trajectory has to be straight to within a few 
microns over a distance of-10 m, thus limiting trajectory 
walk-off from a straight line to < 2 ^un per segment [1]. 

Challenges in the mechanical design of the imdulator 
segments are threefold. The material selected for the 
strongback has to be nonmagnetic but provide minimal 
deformation, the shape has to be optimized to provide 
maximxmi fi-eedom of access for magnetic tuning, and the 
design should allow accurate assembly to provide the 
required geometry. This paper discusses the selection of 
the material and the effect of the selected shape on the 
strongback's deformation. The issues related to the 
assembly and aligimient are discussed elsewhere [1,2]. 

ANALYSIS OF THE UNDULATOR 
SEGMENT DEFORMATION 

The mechanical structure of LCLS undulator segments 
is shown in Figure 1. It consists of a strongback (1), 
magnetic structure (2), and upstream and downstream 
supports (3). The structure deforms due to attractive 
(magnetic) forces between the halves of magnetic 
structure, the weight of the halves and the strongback 
itself, and the changes in ambient temperature. Residual 
stresses introduced during the machining can also 
contribute to the deformation. 

The attractive force and the weight of the magnetic 
structure are given in Table 1. Temperature changes 
influence deformation in two ways: ambient temperature 
can be uniform but different than the reference (zero 
strain) temperature, and a temperature gradient can 
develop within the strongback due to the spatial gradient 
of ambient temperature. The residual stresses due to the 
machining cannot be properly quantified, and their effect 
on the deformation is discussed only qualitatively. 

Parameter Value 
Attractive force (per jaw) 58.3 kN 
Magnetic structure weight (per jaw) 123.4 kg 
Vertical sag due to the weight 0.002 mm 
Pole gap tolerance ±0.006 mm 
Pole transverse displacement ±0.2 mm 
Pole displacement in Z-direction ±0.10 mm 
Zero-strain ambient temperature 293.15 K 

The Selection of Strongback Material 
The choice for the strongback material is limited since 

it has to be nonmagnetic. Brass, bronze, aluminum and 
titanium-based alloys and austenitic stainless steels are 
nonmagnetic and were considered. Brass and bronze were 
eliminated due to their poor strength-to-weight ratio. 
Material properties [3] of the remaining three classes of 
material were compared using the following criteria: 

• Young's Modulus, E 
• Coefficient of thermal expansion, a 
• Specific stiffness, Mj = E/p 
• Thermal performance index, M2 = 1/ a 
Young's modulus was used to evaluate the material 

performance under the magnetomechanical loads other 
than the weight of the strongback. The coefficient of 
thermal expansion was used to compare the effect of 
temperature changes on geometry. Specific stif&iess and 
thermal performance index [4] were used to compare the 
influence of the weight and temperature gradients within 
the material, respectively. Normalized criteria for different 
materials are shovra in Figure 2. Aluminum 6061-T6 
properties were used for normalization. Austenitic 
stainless steels have the best overall mechanical and the 

0-7803-7738-9/03/$17.00 © 2003 IEEE 
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worst theimal properties. Titanium alloy Ti-6A1-4V has 
good strerigth-to-weight ratio, good torsion strength and 
moderate Young's modulus. It expands the least but has 
the lowest Mj values. Aluminum alloys have the best 
strength-to-weight ratio but lowest torsion strength and 
Young modulus. They have excellent thermal 
performance index but expand the most. 

'?> Ti-6A:-4V 

AJAIIoys Austenitic Steels ^^ 

du -— 
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Figure 2: Normalized material properties. 

The Finite Element Method Analysis 
Comparison of material properties was inconclusive, 

and FEM analysis was performed. Deformation due to the 
gravity and attractive forces was computed for different 
materials. Also, the effect of temperature changes was 
computed for uniform changes in ambient temperature of 
±2K and for a 2K ambient temperature gradient along the 
stTongback. Model loads and restraints are shown in 
Figure 3. The magnetic structure was not included in the 
model due to the minor influence on the stiffness of the 
structure. However, its weight was taken into account as 
two uniformly distributed loads of 1.2 kN each, acting in 
the same direction. Attractive forces were represented as 
uniformly distributed forces of 58.3 kN acting in opposite 
directions. One support had no translational degrees of 
freedom, while the other could translate in the Z direction 
only. The zero strain temperature was 293.15K. 

- AttTdCtva fnMCTi^c iWccX .'i8.3 kK 
T 

f -SinuJareJnKiBiirdvstruitmcwdglit. l.ZkX 
■IH -Korrinslariini 

FEM Analysis Results 
The    weight-caused    displacements    computed    for 

different materials are shown in Figures 4-6 
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Figure 4: Dravitational Y-displacement in the beam plane. 

The aluminum strongback deforms the most. Maximum 
Y displacement (12.5 ixm) appears in the center of the 
strongback at the outer end of the upper jaw. The Y 
displacement decreases towards the center of the profile, 
and, in the plane of the beam, the maximum is 10.6 jim 
(Figure 5). Similar behavior is observed for titanium alloy 
and AISI 316N steel, but the computed values are lower, 
8.8 nm for titanium alloy and 05 |im for stainless steel. 
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Figure 5: Gravitational Y displacement in the central cross 
section. 

Calculated D displacements indicate that jaws displace 
in opposite directions (so-called rolling of the profile, 
Figure 6). The upper jaw displaces outwards and lower 
one inwards. Rolling is the most obvious for the 
aluminum strongback and the least visible for the 
stainless-steel one. 

Figure 3: FEM loads and restraints Figure 6: RoUing of the profile. 
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Displacements due to the gravity and attractive forces 
are shown in Figures 7 and 8. The tendencies remain the 
same, but the influence of the attractive forces is visible in 
the increase in displacement of the upper jaw and 
decrease in displacement of the lower. Again, the 
aluminum strongback deforms the most and the Y 
displacement of the upper jaw m the beam plane is 22.5 
pm (112% increase). For the titanium strongback, the 
computed increase is 88% (16 jun), and for steel 71% (12 
|jm). The rolling of the profile is also more pronounced. 
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Figure 7: Y displacement in the beam plane due to gravity 
and attractive forces. 
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Figure 8: Y displacement in the central cross section due 
to gravity and attractive forces. 

Differences in deformation of the lower and upper jaw 
affect the gap width along the entire section. Tlie gap 
reduction is shown in Figure 9. 
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Figure 9: Gap change due to gravity and attractive forces. 

Analysis of the influence of temperature gradients 
shows that ambient heating or cooling affects deformation 
more than temperature gradients within the material. The 

largest displacement in this case is in the Z direction. 
Again, alimiinum displaces the most, the overall Z 
displacement is 0.16 mm (Figure 10), stainless steel 
displaces O.Il mm and titanium displaces 0.06 mm. It is 
interesting to note that heating-related expansion reduces 
the displacement in the Y direction and the gap change. 

Figure 10: Z Displacement in the aluminum strongback 
due to the 2K increase in ambient temperature. 

CONCLUSIONS 
Results of FEM analysis show that both titanium alloy 

Ti-6A1-4V and AISI 316N stainless steel strongbacks 
surpass aluminum one in both mechanically and thermally 
related deformation. Easier machining [5], lower 
magnetic permeability, and absence of need for stress 
relieving provide titaniimi alloy with the advantage over 
austenitic stainless steels despite larger deformation and 
somewhat higher price of the entire device. 

Computed deformation levels were somewhat higher 
than specified except for thermal expansion. Regardless 
of that, the results of magnetic measurements [6] 
performed on the prototype made of titanium alloy were 
satisfactory, which confirms the initial design assimiption 
that the success of the device depends more on the ability 
to adjust and magnetically fine tune than on 
manufacturing precision. 
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DEVELOPMENT OF A SHORT-PERIOD SUPERCONDUCTING 
UNDULATOR AT APS* 

S.H. Kim', R.J. Dejus, C. Doose, R.L. Kustom, E.R. Moog, M. Petra and K.M. Thompson 
Advanced Photon Source, Argonne National Laboratory 

9700 S. Cass Ave., Argonne, IL 60439, USA 

Abstract 
A planar superconducting undulator (SCU) with a 

■period of 15 mm is under development at the Advanced 
■ Photon Source (APS). The intended users require a photon 
energy that can be tuned from 19 to 28 keV for inelastic x- 
ray scattering studies. The SCU design consists of two 
low-carbon-steel cores that are positioned above and 
below the beam chamber. There are 20 turns of NbTi/Cu 
superconducting (SC) wire within a coil cross section of 
4.3 X 4.0 (w X h) mml At a pole gap of 8 mm, the 
necessary average current density in the coil will be about 
1 kA/mm^ to achieve a peak field of 0.8 T on the beam 
axis. The design and fabrication progress of a 12-period 
prototype SCU are presented, and some challenging 
requirements are discussed. 

.UA 33 mm, 2.4 m 
SCU 15mm, LOT,2.4m 

40 60 
Energy (keV) 

80 100 

INTRODUCTION 
Demands for undulators with shorter periods and/or 

higher peak fields than those available from permanent 
magnet (PM) undulators are emerging for the storage-ring- 
based synchrotron radiation facilities and for future free- 
electron lasers. Superconducting undulators (SCUs) with 
high current densities in the coils have the potential to 
overcome these limitations. In the past, there has been 
considerable progress in developing short-period SCUs at 
Brookhaven National Laboratory and ANKA/ACCEL [1, 
,2]; here we report on recent developments at APS. 

The goal of the SCU program at APS is to develop, 
fabricate and install an undulator tunable over a photon 
energy range from 19 to 28 keV in the first harmonic. 
Further extensions to this energy range can be achieved by 
using the third harmonic of the radiation, which would 
require a high field quality in the SCU. The intended users 
at the 7-GeV APS storage ring (SR) require this tuning 
range for inelastic x-ray scattering studies in condensed- 
matter physics. The possibility of shorter period SCUs (~ 
12 mm) with acceptable pole gaps will also be 
investigated. This is of interest for future programs in 
applied materials research and geological studies. The 
lowest reachable energy of the first harmonic depends on 
the highest magnetic field achieved. Using a 15-mm 
period at 0.8 T, 19 keV can be achieved, and at 1.0 T, 16 
keV. Figure 1 compares the on-axis brilliances calculated 
for the PM Undulator A (33-mm period), which is the 
mainstream undulator at the APS and the 15 mm SCU 
described here. This paper reports on the progress of a 12- 
period prototype SCU. 

♦ Work supported by the U.S. Department of Energy, Office of Basic 
Energy Sciences, under Contract No. W-31-109-ENG-38. 
'shkim@aps.anl.gov 

Figure 1: On-axis brilliances calculated for the permanent 
magnet Undulator A with 33-mm period (harmonics 1, 3, 
5) and a SCU with 15-mm period (harmonics 1, 3) for the 
APS storage ring (7.0 GeV, 100 mA, 2.5 nm-rad). The on- 
axis brilliance is six times higher for the SCU at 25 keV, 
an energy of interest for selected experiments. 

SCU DESIGN 
Figure 2 depicts a 3-D model of one period of the SCU 

with a period length of 15 mm. It consists of two low- 
carbon-steel cores with SC coils. The two halves of the 
core are placed symmetrically with respect to the SCU 
midplane. The flat sides of the cores adjacent to the 
midplane are the top and bottom undulator poles. The 
beam chamber with an elliptical cross section will be 
inserted in between the poles providing a gap of 8 mm. 
The design concept assumes that the cooling of the device 
is "pool boiling" by immersing both the SCU and the 
beam chamber in liquid helium. The core has grooves for 
20 turn coils with cross sections of 4.3 x 4.0 (w x h) mm^. 

Plotted in Fig. 3 are the vertical peak field Bo in the 
SCU midplane {top) and the maximum field B(coil) in the 
SC coil {bottom) as a function of the average current 
density in the coil. Also plotted in the same figure are the 
critical current densities measured for three selected 
NbTi/Cu SC wires as a function of applied magnetic field 
{bottom) at 4.2K. The rectangular wire Jc(#2), which has a 
Cu/SC ratio of 1.25 and dimension of 1.05 x 0.8 mm^ has 
been chosen for the fabrication of this prototype. By 
choosing a rectangular wire instead of a round wire, a 
packing factor over 90% can be achieved and better 
control of the wire positioning in the grooves can be made. 
To achieve a peak field of 0.8 T for the rectangular wire, 
we find that the required current density of 1 kA/mm^ will 
be less than 70% of the critical current density at a B(coil) 

0-7803-7738-9/03/517.00 © 2003 IEEE 
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Figure 2: One 15-mm-period, 3-D model of the SCU was 
used for the magnetic field calculations. Two steel cores 
isray) are positioned to form a central gap of 8 mm to 
accept the beam chamber. The core has grooves 4.3 x 4.0 
(w X h) mm^ for 20 turns of SC coil windings {black). 

2 3 4 5 6 

Magaetic Field (T) 

Figure 3: The vertical peak field Bo (top scale) and the 
maximum field in the coil B(coil) (bottom) for a period of 
15 mm and gap of 8 mm are plotted as a function of the 
average current density. The critical current densities 
under applied magnetic field (bottom) at 4.2K are plotted 
for three SC wires, Jc(#2): rectangular cross section (1.05 
X 0.8) used for this work, Jc(#3): dia = 0.896 and Jc(#4): 
dia = 0.753; all in mm units. 
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Figure 4: The vertical magnetic field was calculated at a 
current density of 1 kA/mm^ along the beam trajectory in a 
short-section undulator. The end fields were adjusted by 
reducing the number of turns from the nominal 20 to 17, 
10 and 3 turns for the three end coils. 

of 3.2 T. This relative low ratio of the current density will 
however not guarantee that the coil will be cryogenically 
stable because of the high value of the current density and 
the low Cu/SC ratio. The required current with 20 turns of 
the wire will be 860 A. 

Figure 4 shows the calculated vertical field along the 
beam axis of the SCU. The calculation has not yet been 
fine-tuned, but it demonstrates that the end fields may be 
adjusted by reducing the number of coil windings from the 
nominal 20 to 17, 10 and 3 turns for the three end coils. 
The end fields will also depend on the wire positions 
within the coil grooves. Small correction coils may be 
required at both ends to adjust for proper field integrals 
through the device. However, one way to avoid the 
correction coils may be to reduce the thickness of the end 
poles to match the permeability variation with the nominal 
poles. 

Current Status 
One core for a 12-period device was machined from 

"1006~1008 low-carbon" steel. The cross section of the 
core is approximately 76 mm x 40 mm. Figure 5, (a) and 
(b), shows the bottom and top sides of the core, 
respectively. The transverse width of the poles is 
approximately 50 mm, and the core has coil grooves with 
a cross section of 4.3 x 4.0 (w x h) mm^. The choice of the 
groove dimensions make the pole thickness 3.2 mm. The 
flat bottom side of the core shows the coil grooves with 
windings for the first two periods. The top side has 
additional grooves for the transitions of the SC wire to the 
adjacent periods. The coil is designed to be first wound in 
one direction into every other groove for the full length. 
The alternate coil grooves are then similarly wound in the 
opposite direction. 
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Figure 5: One core for the 12-period prototype was 
machined from "1006-1008 low-carbon" steel. The cross 
section of the core is approximately 76 mm x 40 mm. (a): 
Bottom flat side of the core shows coil grooves and 
windings for two periods, (b): Top side shows additional 
cross-over slots connecting every other coil groove for the 
SC wire transition to the next period after complete 
winding of the 20 turns in one groove. 

DISCUSSION 
The coil cross section for the present prototype was not 

designed to achieve the highest peak field Bo. Rather it 
was adjusted to use a readily available SC wire. Increasing 
the total current by increasing the coil cross section, but 
keeping the current density constant, at 1 kA/mm^ for 
example, increases the peak field Bo by only a small 
fraction for the prototype SCU. Also, a reduced pole 
thickness will result in the field quality being more 
sensitive to wire position errors. And overall increasing 
the total current would also reduce the cryogenic stability 

of the device. Thus, the chosen design is expected to be a 
good prototype for further studies. 

One of the challenging requirements for the SCU is the 
high current density in the coil. This demands a low 
Cu/SC ratio and a high packing factor of the coil. Because 
of the high current density and the low Cu/SC ratio, the 
minimum quench propagation length is estimated to be 
less than 2 mm. Moreover, the minimum quench energy is 
not expected to be larger than 1 mJ. This is a typical value 
for SC dipoles used in high-energy accelerators. 
Commonly, this small amount of the energy can be 
released by small wire displacements in the coil during 
energizing. The first excitation of the coil will therefore be 
done by slowly cycling the current to higher values. Future 
smdies will involve the stability of the coils and magnetic 
measurement of the field quality to identify the sources of 
the field errors. 

The peak field is limited by the average critical current 
density for the selected SC wire (0.98 T at 1.4 kA/mm^ 
under ideal conditions-no energy release due to the 
conductor displacements, no eddy current and hysteresis 
losses due to operating current ripples, and no direct 
heating of the coils by effects of the electron beams, etc.; 
see Fig. 3). Thus, to achieve a 1.0-T, 8-mm-gap SCU, one 
may need to cool below the lambda point for stable 
operations. 
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A MAGNETIC FIELD MODEL FOR WIGGLERS AND UNDULATORS 
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Abstract 

Recent interest in applications of wiggler magnets in 
storage rings has motivated eiforts to incorporate their ef- 
fects in calculations of beam dynamics. This paper presents 
an analytic model of wiggler fields that can be used with 
symplectic integration to evaluate such effects. Coeffi- 
cients needed by the model are generated by fitting to the 
results of a finite-element field calculation. The model has 
been used successfully in the CESR-c project, which im- 
poses tolerances of a few parts in 10^ on the modeling of 
2-Tesla superconducting wigglers. In contrast to models 
based on Fourier transforms, the model presented here uses 
a relatively small number of terms, leading to correspond- 
ingly fast integration times. Fringe fields are included and 
no assumption about the periodicity of the field is made. 

INTRODUCTION 

A prerequisite for the study of particle dynamics is the 
ability to calculate transfer maps for each element in a stor- 
age ring. This is difficult for wigglers (wiggler here can 
mean either wiggler or undulator) since analytic formulas 
do not exist except in the most simplified cases. Wigglers 
can have strong nonlinear components[l, 2], which can be a 
major limitation on the dynamic aperture, and impose strin- 
gent conditions on any analytic approximations. 

Symplectic integration is an excellent technique for do- 
ing tracking and for constructing transfer maps[3]. In order 
to do symplectic integration through a wiggler, however, 
one needs to know the field as well as the gradient and 
higher derivatives. This generally precludes simply using 
data from a measurement or a calculation since the discrete 
nature of the data will make the higher derivatives inaccu- 
rate. What is needed is a model functional form that fits 
the data and can be easily and quickly differentiated. Such 
a model is presented below. This model has the advantage 
that end fields are easily incorporated into the model. 

FIELD MODEL 

Planar symmetry is assumed and the model functional 
form for the magnetic field of a wiggler Bfit(a;,y, s) is 
written as a sum of N terms 

N 

Bfit = ^ B„(a;, y, s; C„, fc^n, Kn, 4>sn, fn) ■     (1) 
n=l 

Each term B„ is parameterized by 5 quantities C, kx, ks, 
(j)s, and /. The index /„ = {1,2, or 3} is used to designate 

* Work supported by the National Science Foundation 

which of 3 forms a B„ term can take. The first form is 

Bx 
,k 

C— sin{kxx) smh{kyy) cos{ksS + 4>s) 
Ky 

C    cos{kxx) cosh{kyy) cos{ksS + 0^) 

Ba = -C-j^ cos{kxx) sinh(fcyy) sin(A;sS -f 0^) 

By   = 

with kl = kl + kl. (2) 

The second form is 

Bx = 

Bi, = 

C— s\nh{kxx) sinh(fcyj/) cos(fcsS -h 0s) 
Ky 

C    cos\v{kxx) cosh{kyy) cos{ksS + 0^) 
k 

Bg = -drr cosh(fc^a;) smh{kyy) sin(A;sS -|- 0^) 
Ky 

with kl = fc2 _ f.2 ^ 

and the third form is 

k 
Bx =    C-^ sinh(fca;a;) sin(fcy2/) cos(A;sS + 0s) 

Ky 
C    cosh(kxx) cos{kyy) cos{ksS + 0^) 

k 
-C-r^ cosh.{k3;x) sm{kyy) sin(A;5S + (ps) 

(3) 

By    = 

Bs = 

with kl = kl-kl (4) 

ky is considered to be a function of kx and ks and the re- 
lationship between them ensures that Maxwell's equations 
are satisfied. 

Given a calculation or measurement of the field at a set 
of points Bdata, the problem is to find a set of N terms 
such that Bfit and Bdata agree to some given precision set 
by how accurately one needs to be able to track through a 
wiggler. This is a standard problem in nonlinear optimiza- 
tion. The solution is to minimize a merit function M 

data pts 

N 

Bdata|^+Wc^|C„| (5) 

The second term in M is to help preclude solutions with de- 
generate terms that tend to cancel one another. The weight 
Wc should be set just large enough to prevent this but not so 
large as to unduly distort the fit. 

The minimization of M can be done by any number of 
well known algorithms[4, 5]. The fitting process is simpli- 
fied since the three forms can be combined into one contin- 
uous function via 

= < 

Form #1    0 < kxn 

Form #2    -|fcs„| < A;^„ < 0 

Form #3    kxn<-\ksn\ 

(6) 

0-7803-7738-9/03/$17.00 © 2003 IEEE 1023 



Proceedings of the 2003 Particle Accelerator Conference 

3 

2 

■1 

to >. m 
-1 

e E 
• 

o
 o

 
II 

II 
■     X

   >
 

1 

^-.JSfc      .  „...._J«b ~. ~ 
" Data 

■   — Fit ri___ A A" 
A , 1 f            1 ( \ 

'   I   I 1          / \j^- 
U \J 

1 1 1 1 1  1 1    1 

0.0 0.4 0.8 s(m) 1.2 1.6 

Figure 1: J5j, as a function of s at a: = y = 0. The data 
points are from a finite element modeling program. The 
curve is calculated from an 82 term fit. 

Once Bfit is calculated, symplectic integration is per- 
formed using the Hamiltonian H{x, p^, y, py, z, 6; s) in the 
paraxial approximation 

H = {Px :)'   _^(Py- ayf + 
2(1+ d)   ^   2(1 + 5) (7) 

where p^^y = Px,y/Po is the normalized transverse mo- 
mentum, S = AE/PQC is the relative energy deviation, 
z is the longitudinal position relative to the reference par- 
ticle, and a(a:, y, s) = qA/Poc is the normalized vector 
potential. To save on computational speed, the gauge with 
a^ = 0 is used in the calculations. With this choice of 
gauge, formulas for a(a;, y, s) from Eqs. (2), (3), and (4) 
are readily derived. 

The symplectic integration procedure is given by Wu et 
al.[6] with the modification that Wu's prescription uses the 
ttg = 0 gauge. This procedure has been integrated into 
the PTC (Polymorphic Tracking Code) subroutine library 
of Etienne Forest[7] which in turn has been integrated into 
the Cornell BMAD particle simulation software library[8]. 

A 2""^ order symplectic integrator[3] is used for the cal- 
culations. 4'*' order and 6^^ order integrators were also 
tried but, it was found, that after adjusting the number of 
integration steps to achieve a given accuracy, the 2"** order 
integrator was fastest. This is not surprising given the large 
higher-order nonlinearities inherent in a wiggler field. 

CESR-C WIGGLER 
The wiggler magnets being installed in the Cornell 

CESR-c storage ring[9] have been modeled using the 
above procedure. Using the finite element modeling pro- 
gram 0PERA-3D, a table of field versus position was gen- 
erated. The validity of the field calculations was experi- 
mentally confirmed by measurements of tune as a function 
of beam position in a wiggler[10]. The spacing between 
points in the table was 4 mm horizontally, 2 mm verti- 
cally, and 2 mm longitudinally. The extent of the table was 
±48 mm horizontally, ±26 mm vertically and 1.6 m longi- 
tudinally. Table data and fit curves of By as a function of s 

2.149 

20x(mm)3° 

Figure 2: By as a function of a; at y = 0 and s = 0.9m. The 
data points are from a finite element modeling program. 
The curve is calculated from an 82 term fit. 

and X for the CESR-c 8-pole wiggler are shown in Figs. 1 
and 2. 82 terms were used for the fit. The peak field is about 
2 T and the RMS of the difference |Bdata - Bet | was 9 G 
which gives an RMS to peak field ratio of 0.05%. The grad- 
ual roll-off of By as a function of x shows the advantage 
of allowing the fc^n to vary continuously instead of using 
a Fourier series. With a Fourier series the k^n would be 
quantized which would necessitate the use of more terms 
in the fit and slow any symplectic integration. 

Figs. 3 and 4 show tracking simulation results for the 
the CESR-c 8-pole wiggler. Fig. 3 shows p^ at the end of 
the wiggler as a function of x at the start with a starting 
condition of 2/ = 20 mm. Fig. 4a shows py at the end as a 
function of y at the start with Xstart set at 30 mm. The solid 
lines in Figs. 3 and 4a are the results of using a Runge- 
Kutta (RK) integrator with adaptive step size control[4] and 
with the field values obtained from interpolating the table 
from OPERA-3D. The dashed lines are from symplectic 
integration (SI) using the fitted field and 250 integration 
steps. The dash-dotted lines are from a 7*^ order Taylor 
map (TM) which is generated using symplectic integration 
with 250 integration steps. 

RK tracking, since it is derived directly from the equa- 
tions of motion and the magnetic field table, is the gold 
standard with which to compare other tracking results. 
Fig. 4b shows the difference between the SI and RK track- 
ing as well as the difference between the TM and RK track- 
ing. Additionally, for comparison, a line is shown whose 
slope represents a tune shift of AQ = 0.001 assuming a /? 
of 10 m. The SI tracking agrees well with the RK, better 
than 4 /irad in Fig. 3 and 8 /xrad in Fig. 4. Slope differences 
of the curves are also small, representing tune shifts of less 
than 0.001 (at (3 = 10 m) everywhere in the figures. The 
advantage of the SI tracking is that it preserves the Poincare 
invariants, such as phase space density, while the RK does 
not. This is an important consideration in long term track- 
ing where RK can give unphysical results. 

The TM also show excellent agreement with the RK 
tracking except in Fig. 3 when the magnimde of x is larger 

1024 



Proceedings of the 2003 Particle Accelerator Conference 

0.10 

(mm) 

Figure 3: Px at the end of the wiggler as a function of x at 
the start using three different tracking methods. At the start 
Px = Py = <5 = 0 and y = 20 mm. 

than 30 mm or so. In the domain where the TM agrees 
with the RK, the TM can be used for such purposes as lat- 
tice design and other analyses that are not sensitive to non- 
symplectic errors. The advantage of the TM is that it is fast. 
In the present instance the TM was over a factor of 30 faster 
than the other two methods. (This does not include the time 
to calculate the TM to begin with, but that only has to be 
done once). To overcome the non-symplecticity of the TM 
it can be partially inverted to form a symplectic generat- 
ing function[3]. Preliminary investigations comparing the 
long term tracking results from SI and from a generating 
function show good agreement. 

CONCLUSION 

The wiggler model presented here is useful because it 
can accurately model a wiggler including end fields. This 
leads to efficient symplectic mapping which is needed in 
long term tracking, and avoids the non-physical violation 
of conserved quantities inherent when tracking is depen- 
dent upon interpolation of a field table. For applications 
where symplecticity is not a concern, a Taylor map, gen- 
erated using the fit with symplectic integration can greatly 
reduce computation time. 

For long periodic wigglers, the number of terms needed 
to fit the field may become large. In this case, a simple 
solution would be to divide the wiggler into 3 sections: the 
periodic center section and two end sections. Each section 
can be fitted separately. Since the center section is peri- 
odic, the number of terms needed to fit it is independent of 
its length. For the end sections it might be possible to cut 
down on the number of fit terms by making use of three 
additional forms that have an exponential s-dependence. 
These forms can be derived from Eqs. (2), (3), and (4) 
using the substitution fcg —> — fcg. 

If pole misalignments need to be simulated, then planar 
symmetry cannot be assumed. In this case, Eqs. (2), (3), 
and (4) can be modified, at some small increase in com- 
plexity, by using kxX + (f>x in place of kxX, and kyy + 4>y in 
place of kyy. With this, any arbitrary magnetic field profile 
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Figure 4: a) py at the end of the wiggler as a function of y at 
the start using three different tracking methods. At the start 
Px = Py = 5 = ^ and a; = 30 nun. b) Difference between 
RK tracking and the two other methods. Also shown is a 
line that represents a tune shift of AQ = 0.001. 

can be modeled. 
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VIBRATING WIRE AND FLIPPING COIL MAGNETIC MEASUREMENT 
OF A CESR-C 7-POLE WIGGLER MAGNET * 

A. Temnykh ^ 
Laboratory of Nuclear Studies 

Cornell University, Ithaca NY 14953, USA 

Abstract 

To increase radiation damping at l.SGeV beam energy 
12 super-conducting wiggler magnets will be installed in 
the Cornell Electron Storage Ring (CESR). The first 7-pole 
wiggler has been manufactured, tested and installed in the 
ring. 

This paper describes the wiggler magnetic measurement 
using flipping coil and vibrating wire techniques. The field 
integrals along straight lines were measured with flip- 
ping coil, vibrating wire technique was used to measure 
both, straight line field integrals and field integrals along 
wiggling lines reproducing beam trajectories. 

INTRODUCTION 

Magnets with alternating magnetic fields (wigglers and 
undulators) are used in storage rings to increase radiation 
damping or as synchrotron radiation sources. Although 
radiation damping improves the beam stability, nonlinear 
beam dynamics effects caused by the wiggler's magnetic 
field may significantiy compromise machine performance. 
Thus, the measurement of the magnetic field characteris- 
tics of wigglers and undulators is a subject of a great im- 
portance. 

The methods traditionally used for wiggler magnetic 
measurements such as field integrating with long flipping 
coil, field mapping with a Hall probe or with a small search- 
ing coil provide information about field integrals along 
straight lines. However, because beam trajectory is wig- 
gling, the particles passing the wiggler see a quite different 
field. So, it is particularly important to measure field inte- 
grals along lines representing the wiggling beam trajectory. 

In the described magnetic measurement of a CESR-c 7- 
pole wiggler flipping coil [1] and a modified vibrating wire 
[2],[3] techniques were used. The latter was employed to 
measure magnetic field integrals along lines representing 
wiggling beam trajectory. 

The vibrating wire technique uses a section of wire 
stretched through the testing region as a magnetic field 
probe. Lprentz forces between DC current flowing through 
the wire and the wiggler magnetic field cause the wire wig- 
gling resembling the beam trajectory. Applying AC cur- 
rent with frequencies matching vibrating mode resonances 
and measuring amplitude and phase of the excited standing 
waves, one can obtain magnetic field characteristics along 

* Work supported by National Since Foundation 
t e-mail: abt6@comell.edu 
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Figure 1: Schematic view of long flipping coil (a) and vi- 
brating wire (b) measurement setup. Shown are: 1 - bottom 
halfe of tested 7-po!e wiggler; 3 - stages for horizontal and 
vertical positioning of the coil or vibrating wire ends . On 
plot (a): 2 - 3/8in wide, 3m long coil consisting of 3 turns 
of 0.15mm copper wire. On plot (b): 2 - 4.648m section of 
0.15mm copper wire; 4 - AC current generator; 5 - DC cur- 
rent power supply; 6 - horizontal and vertical wire motion 
sensors. 

the wire, i.e., along the path reproducing the beam trajec- 
tory. 

The paper describes the wiggler magnetic field measure- 
ment with flipping coil technique as well as with straight 
and "wiggling" vibrating wke and compares the results 
with model calculation. The "wiggling" vibrating wire 
measurement reveals all effects associated with the beam 
trajectory wiggling. 

SETUP 

A description of the tested 7-pole CESR-c wiggler is 
given in reference [4]. The measurements were done at sev- 
eral wiggler magnetic field levels between 1.7T and 2.1T. 

The flipping coil measurement setup is schematically 
shown in Figure la. A 3/8in wide, ~ 3m long coil 
consisted of three turns of 0.15mm copper wire stretched 
through the wiggler. The coil ends were mounted on rotat- 
ing stages providing the coil flipping. These stages, in turn, 
were mounted on moving stages for precise positioning in 
horizontal and vertical plane. The voltage induced m the 
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coil was measured by digital integrating multi-meter "HP 
3465". 

The vibrating wire setup is depicted in Figure lb. 
It consisted of 4.648m section of 0.15mm copper wire 
stretched through the wiggler with ends mounted on 2D 
movable stage assemblies. For wire motion sensing two 
"11" shaped opto-electronic LED-phototransistor assem- 
blies H21A1 (Newark Electronics) were used. DC current 
power supply with 1A of maximum current was connected 
to the wu-e ends in series with a transformer. An AC cur- 
rent component in wire was excited by wave form generator 
"HP33120A" connected to the other transformer's input. A 
DAQCard-6024E and program based on "Lab-View" soft- 
ware provided all needed control and signal analysis. 

FLIPPING COIL MEASUREMENT 

Results of vertical and horizontal magnetic fields inte- 
gral measurements as a function of horizontal coil posi- 
tion, Iy^x{x), for various field levels are presented in Fig- 
ure 2 and Tablel. The vertical field integral reveals a large 
quadratic component (normal sextupole) which depends 
on the wiggler field level. This dependence can be ex- 
plained by well known specifics of symmetric (odd num- 
ber of poles) magnetic strucmre. In this design, the central 
pole is compensated by two opposite polarity end poles. 
But because the magnetic field environment is different in 
the middle and at the ends, the compensation can be done 
only in a very limited range of field. The asymmetric struc- 
ture with even number of poles is free of this problem. The 
horizontal field integral, Figure 2b, has skew quadrupole 
component significant for beam dynamics. It is practically 
constant for all fields. The origin of this component is nor 
clear. 

0-n,bn Wiggler field          1 
Gm 1.7T 1.9T 2.1T 
ai 1.02 1.37 1.53 
bi -0.24 -0.21 -0.19 
b2 0.18 -0.02 -0.28 
bz 0.007 0.007 0.004 

Table 1:   Shown are coefficients of polynomial the fit: 
Iy,xi^) = J2{bn,an)-x"'. 

!      (b) ■    L^' 

>*^ 

^ 
y 

:    ■ ; 
• Bmax- 1 7T 

-♦-Bmax-1.9T 
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* yjr 

:    ; 
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Figure 2: Vertical (a) and horizontal (b) field integrals mea- 
sured with flipping coil as function of horizontal coil posi- 
tion. 

Here 7o is the AC current amplitude, indices x, y indicate 
the horizontal and vertical planes, /„ and L are for wiggler 
and wire lengths. If L > /^, variation of cos(TTZ/L) can 
be neglected and expression (1) can be rewritten as: 

By^xiz)dz = lo ■ Iy,x 
■l,J2 

(2) 

i.e., the standing wave amplitude is proportional to mag- 
netic field integral multiplied by the driving AC current. 
Thus, the field integral can be obtained by measuring stand- 
ing wave amplitude normalized by driving current, the in- 
tegral sign can be determined from phase between driv- 
ing AC current and the wire motion. For zero DC current 
(straight wire) it will be straight line integral similar to a 
flipping coil measurement, for non-zero DC current it will 
be an integral along the path imitating a beam trajectory. 

"Straight" wire measurement (loc = 0) 

The "straight" wire, Idc = 0, measurement results at 
2.IT wiggler field are given in Figure 3 in comparison 
with the flipping coil measurements. Shown are fundamen- 
tal horizontal and vertical standing wave amplitudes (solid 
marks, left scale) with a sign given by the phase between 
driving current and the wire motion measured as a func- 
tion of horizontal wire position. Flipping coil measure- 
ments (right scale) are indicated by open marks. There 
is a good agreement between these two data sets. Left 
and right scales comparison suggests that Ir.u. in vibrat- 
ing wire measurements corresponds to ~ 7.7Gm of field 
integral. 

VIBRATING WIRE MEASUREMENT 

Theory 

From formulas in [2] one can find that for the setup 
shown in Figure 1 the fundamental standing wave ampli- 
tude in horizontal and vertical plane, A^^, excited by AC 
current flowing through the wire with fundamental reso- 
nance frequency will be: 

/iiu/2 

By,x(z)cos(7rz/L)dz (1) 

"Wiggling" wire measurement 

The Lorentz forces between DC current flowing through 
the wire and wiggler magnetic field cause the wire wiggling 
which reproduces the beam trajectory. Optical measure- 
ment indicated that at 2.IT wiggler field, 0.5^ of DC cur- 
rent flowing through the wire resulted in ~ 3.7mm peak- 
to-peak wire wiggling which is similar to the beam trajec- 
tory wiggling at 1.8GeT^ beam energy. 

Figure 4 presents the vertical field integral as a function 
of horizontal position measured with the "wiggling" wire 
in comparison with a) straight wire measurement and b) 
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-^VW, straight line (Idc = 0) 
-■-VW, wiggling line (Idc = 0.5A) 
 Model: wiggling beam trajectory integral 

-0.5     0     0.5 
y[cm] 

Figure 3: Vertical and horizontal field integrals measured 
with a straight vibrating wire, Idc = 0, as a function of 
horizontal position (left scale) in comparison with flipping 
coil measurement (right scale) at 2. IT wiggler field. 

-O" Model: straigh line integral 
■■□-Model: wiggling beam trajectory int. 
-•-WV - strait line, Idc = 0 
-■-WV-wiggling line, Idc = 0.5A 

-1 0 
x[cm] 

1 

Figure 4: Vertical field integral as a function of horizontal 
position measured with a straight, Idc = 0, and wiggling, 
Idc = 0-5A, wire. Model calculation is indicated by open 
marks. 

with the "wiggling" and straight field integrals calculated 
from the model. For the wire measurement the calibra- 
tion obtained in the previous experiment was used. One 
can see that the measured eifect of the path wiggling anal- 
ogous to that calculated from the model, but has a bigger 
amplitude. This inconsistency could be due either to factors 
missing in the model or because of inaccuracy of the vibrat- 
ing wire measurement calibration. Note that the variation 
between the straight and wiggling line vertical field inte- 
grals is mostly due to vertical field non-uniformity across 
the wiggler poles [5]. 

The beam vertical focusing effect in wigglers is an- 
other result of the trajectory wiggling. This effect can 
be seen from horizontal field integral measured with wig- 
gling wire as a function of the wire vertical position, see 
Figure 5.   While the straight wire data, Idc = 0, indi- 

Figure 5: Horizontal field integral as a function of vertical 
position measured with a straight, Idc = 0, and wiggling 
Idc = 0.5A, wire. Dashed line shows a model calculation. 

cated zero horizontal field integral for all y, integral mea- 
sured with a wiggling wire, Idc = 0.5A, has linear de- 
pendence dlr,/dy{measured) ~ 62.3Gm/cm which is 
consisted with the model calculation dIx/dy{model) ~ 
60.3G?n/cm. 

CONCLUSION 

Two complementary magnetic measurement techniques 
were employed for CESRc super-conducting wiggler mag- 
netic measurement. A long flipping coil technique was 
used to measure vertical and horizontal field integrals along 
straight lines, the relatively new vibrating wire technique 
was applied for field integral measurements along a path 
representing wiggling beam trajectory. The latter revealed 
all effects caused by the beam trajectory wiggling predicted 
by model. 
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Abstract 
Seven insertion devices must be provided for the first 

DIAMOND beamlines on Day 1 of operations. A variety 
of devices have been selected, including four short period 
in-vacuum undulators, one 5m conventional planar 
undulator, one 5m helical undulator and a 3.5T 
superconducting v^figgler. Construction of several of these 
devices will soon commence. This paper will detail the 
magnetic solutions that have been adopted and also the 
mechanical designs, highlighting the key features that 
have been included. 

INTRODUCTION 
The DIAMOND Light Source is now in the 

construction phase of the project with significant progress 
being made over all of the major areas [1]. Funding for 
the first phase of the project makes provision for seven 
operational insertion device based beamlines. The 
selection of the insertion devices for these beamlines 
occurred approximately 12 months ago [2] and since then 
the designs have been developed so that now we are about 
to procure the first major items for these IDs. Table 1 
summarises the main parameters for the first DIAMOND 
IDs. Note that the K value quoted for the helical undulator 
is for the circular polarization mode. 

Table 1. Summary of the parameters for the first 
DIAMOND IDs. 

Name Period 
(mm) 

KMax Length (m) 

MPW60 60 19.6 1.0 
U33 33 1.63 4.9 

U23 IVa 23 1.49 2.0 
U23IVb 23 1.49 2.0 
U2HV 21 1.24 2.0 
U27IV 27 2.02 2.0 
HU64 64 3.44 2x2.2 

IN-VACUUM UNDULATORS 
Since DIAMOND will make use of a significant 

number of in-vacuum undulators, with four initially but 
probably more than ten when the ring is fiilly populated, it 
was decided to design and build these in-house. This then 
ensures there is a common design philosophy and in- 
house expertise available to maintain the magnets during 
the operational phase of the project. Although four 
undulators are required before operations begins it was 
further decided to build a single device first to ratify flie 

design and assembly process and then to build the other 
three approximately 15 months later. 

Mechanical Design 
The mechanical design of the in-vacuum undulators is 

very closely based upon the ESRF design [3] although 
some fundamental changes have also been made. In 
particular, the ability to taper the magnet arrays has been 
added and also the rf finger taper sections at each end of 
the device will be water cooled. The array tapering system 
is based upon the rotation of offset cams at one end of the 
magnet array support beam (outside of the vacuum) with 
a pivot at the other end. 

The nominal minimum beam stay clear in the central 
2m of the 5m ID straights is set by lifetime considerations 
to be 7mm. This value has been used to design the in- 
vacuum undulators to meet the needs of the users. 
However, mechanically the magnets are designed to reach 
an absolute minimum gap of 4mm so that if smaller gaps 
can be tolerated by the machine the users will be able to 
benefit. The maximum magnet gap has been selected to 
be 30mm. 

There are already serious proposals for a second 
undulator to be installed in the same straight as an in- 
vacuum imdulator to serve a side station (see Figure 1). 
Although the in-vacuum imdulator magnet blocks fill a 
length of ~2.0m it is physically ~2.6m because of the 
room needed for the rf tapers, bellows, flanges etc. 
Allowing some space for steering magnets to apply an 
angular offset (Imrad) between the radiation from the two 
undulators leaves a length of ~0.8m for a second (out of 
vacuum) undulator. It is planned to install the corrector 
magnets and the in-vacuum undulator with a horizontal 
angular offset from Day 1 to enable easier introduction of 
the second undulator in the future. 

In-Vacuum Undulator 

Short Undulator 

Sm 

0-7803-7738-9/03/517.00 © 2003 IEEE 

Figure 1. Sketch of proposed layout of DIAMOND 
straight. 

Magnet Design 
The choice of magnet material for in-vacuum 

undulators is an interesting issue [4]. Since the magnets 
have to be baked to -140 °C irreversible losses will occur 
with NdFeB magnets but not with SmCo magnets. 
Despite these magnetization losses the NdFeB magnets 
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will still give a larger on axis field than the intrinsically 
weaker SmCo. Also, since the in-vacuum undulators are 
often the limiting vertical aperture in a storage ring they 
can experience high radiation doses. There is evidence 
that NdFeB magnets are more susceptible to radiation 
damage than SmCo [5, 6] and also that the Sm2Coi7 grade 
is more resistant than SmCos. For the reasons outlined 
above we decided to base our magnet designs on Sm2Coi7 
with an assumed remanent field of 1.03 T. 

The magnet design is a conventional symmetric pure 
permanent magnet four block per period structure with 
block height and width of 16 and 41mm respectively. The 
end design is shown schematically in figure 2. The length 
of the last block has been optimised to minimise the 1" 
field integral over the fiill range of operating gaps. Figure 
3 shows how the integral varies for different block 
lengths. The chosen length of 2.7mm gives a theoretical 
maximum integral without block errors of less than 
0.5(iTm which corresponds to an angular deviation of 
O.OSjarad for the 3GeV electron beam. 

t-   i    -  t 
Optimised X/8       X/4 

i-   t 
Figure 2. End structure adopted for the in-vacuum 

undulator. 

0.003 

g   0.002 -I 

M   0.001 

o   0.000 

-0.001 

1.0 mm 

0 5 10        15        20        25        30 

Undulator Gap (mm) 

Figure 3. First field integral as a function of undulator gap 
for different end block lengths. 

HELICAL UNDULATOR 
For the same reasons outlined for the in-vacuum 

undulator it was decided to design and build the out of 
vacuum permanent magnet undulators in-house as well. A 
common support structure philosophy was also adopted 
whereby all out of vacuum undulators will use the same 
structure design as far as possible. It is relatively easy to 
alter the length of the support structures for different 
length modules as necessary. 

It was also decided that the helical undulator, which 
was originally planned to be 5m long built of two 
modules, should actually be two separate modules acting 
independently with an electromagnetic phasing unit 
placed in-between. This gives more flexibility to the 
beamline operation in the use of the polarization as well 
as easing the need for a complex interlock system to 
prevent one module striking another. Overall, a few 
periods have to be sacrificed to make space for the 
phasing unit but the loss in flux is not critical. 

Also, the ability to taper the magnet beams has been 
included in the support structure design by implementing 
a four motor system (two per beam) for the gap changing 
mechanism. 

The helical design adopted is the APPLE-2 
configuration [7] which requires a longitudinal phasing 
movement of one magnet array on each support beam. 
However, it is possible that fiiture designs might adopt a 
three array per beam system and so the phase change 
mechanism has been designed to cope with this. The 
forces generated by the undulator can be very large, 
particularly in the axial direction when the diagonally 
opposite arrays are moved in opposite directions to 
generate arbitrary inclination linear polarization. The 
phase change mechanism is designed to cope with forces 
up to 40kN. The forces on each array were calculated as a 
function of the magnet block size (Figure 4). A block size 
of 40 X 40 X 16mm was chosen as a compromise between 
magnet field strength and quality and the forces 
generated. A view of the HU64 mechanical support 
structure is given in Figure 5. 

750 

T3 
O 

•n 

o 

50mm, horizontal force 

50mm, vertical 

40 

To 

50mm, longitudinal 

16 

Phase Shift (mm) 

24 32 

Figure 4. Force per period on the HU64 undulator 
operating in the arbitrary hnear polarization mode at a 

15mm gap as a function of transverse dimension for 
square magnet blocks. 
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Figure 5. View of the helical undulator support structure. 
Only a few magnet blocks are shown mounted on the 

beams. 

PLANAR UNDULATOR 
Mechanically the 4.9m long planar U33 will be very 

similar to the heUcal undulator described above, though 
without the phase changing mechanism of course. It will 
consist of two modules mounted very closely together to 
form one continuous undulator. The exact space between 
the magnets at this junction has yet to be selected. 

Magnetically it is a relatively straightforward pure 
permanent magnet planar undulator with four blocks per 
period. The end structure is expected to be similar to that 
described for the in-vacuum undulator. 

SUPERCONDUCTING MULTIPOLE 
WIGGLER 

The superconducting multipole wiggler is the only Day 
1 device that will not be built in-house. Instead a 
specification will be written for a turn key system that is 
expected to include the magnet with cryogenics, power 
supphes, control system etc. 

As yet the exact requirements for this magnet have not 
been agreed with the beamline users. This is because a 
3.5T MPW can produce a considerable amount of power 
(~21kW/m in DIAMOND) and the beamline designers 
have to be satisfied that such high power levels can be 
coped with. The magnet length is likely to be set between 
1 and 2m. 
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Abstract 
The design of a class of short period superconducting 

undulators is presented. We begin with a parameter-based 
analysis that provides insight into potential device 
performance as a function of the properties of 
superconducting materials. We present data on candidate 
low-temperature superconducting materials and the 
motivation to consider low-copper fraction, high Jc 
materials. Measured data on recent NbsSn conductors is 
provided, together with wire and cable design issues that 
are tailored for undulator applications. Key design 
concerns are then addressed, in particular the quench 
protection system limitations and the system performance. 
Progress on the construction and testing of a prototype 
30mm period device is described. 

INTRODUCTION 
The development of short-period superconducting 

undulators (SCU's) is critical to extend the capabilities of 
existing synchrotron rings and to leverage their future 
upgrades, and is a key component of a number of ftiture 
synchrotron radiation sources, such as the proposed LUX 
at LBNL [1]. For a fixed period, increasing the field 
compared to conventional devices results in an extended 
photon energy range (on the higher end) and improved 
harmonic overlap. 

Due to the important role of superconducting 
undulators in plans for existing and future light sources, 
an R&D effort has been initiated at LBNL to investigate 
the potential performance characteristics for a class of 
such devices, and to evaluate the performance of a NbaSn- 
based design by constructing and testing a prototype. 

We begin by presenting computed optimal designs and 
attainable fields as a function of conductor performance 
and coilpack parameters. 

A review of the design of a NbsSn 6-period prototype 
that is being constructed jointly by LBNL and Wang 
NMR and tested at LBNL is then provided. The 
motivation to use low Cu:SC ratio material is presented, 
together with a discussion of options for superconductors, 
in particular NbsSn strands and cable designs. A winding 
method is described that is flexible with respect to period 
size and conductor geometry. The impact of choosing a 
low Cu:SC ratio conductor on the quench protection is 
discussed, along with a passive protection design. 

This work was supported by the Director, Office of Science, of the US 
Department of Energy under Contract No. DE-AC03-76SF00098 

Transitions 
Coil i \.l'"' 

midplane 

Figure 1 Superconducting undulator upper-halfplane. 

Table 1 Parameters and variables used for undulator 
design optimization. 

X Undulator period 
h Magnetic half gap (gap = 2h) 

P. Pole width (beam direction) 

c. Coil width (beam direction) 

^h Coil thickness 

yn Yoke thickness 

^pc = P.'c^ 
Ja. Engineering, or overall, current density 

J.C Superconductor current density 

Ja. Copper current density (e.g. during a quench) 

Bo Peak field on the axis 

max Peak field on the conductor 

K = eB—^ = 0.934A[cm]B[T] 
Inmc              L    j  L j 

0-7803-7738-9/03/$ 17.00 © 2003 IEEE 

OPTIMAL DESIGNS 
We consider planar undulators with soft iron poles and 

yoke, as shown in Figure 1. A list of parameters and 
variables is provided for reference in Table 1. 

For design optimization, we consider a design variable 

set ^ '  >  and the design parameters Kc^h^yh)   -pox a 

given average current density '^•" the figure of merit 
f ~ B     / R 

max     0   can be minimized with respect to the 

design parameters. An "optimal load line" ^oi-^""^ for 
each design variable set, i.e. magnetic gap and period, can 
then be determined. 
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Peak performance for an actual device is derived from 

'= data and the superconductor cross section, which is 
used to relate J^ to J^^. The peak attainable field is 
defined by the intersection of the "optimal load lines" 
with the J^ curve, i.e. when J^^ = J^(B^J. 

Data for "optimal load lines" has been calculated for 
design  variables  in  the  range   15</l[nim]<30   and 
4 < gap [mm] < 16, using a parametric 2D TOSCA script. 
As an example, performance curves obtained for a NbaSn 
superconductor with   J^(5T,4.2K) = 8060   A/mm^ and 

with   a   J^/J^^ =0.27   (aggressive   performance   yet 
realistic, i.e. manufacturable - see parameters for the 
prototype in Table 2) are provided in Figure 2. 

The optimization methodology outUned above is 
applicable to all types of superconductor. A thorough 
comparison of the theoretical performance of SCU's using 
different superconductors is beyond the scope of this 
paper, as it involves detailed comparison of stability and 
protection characteristics associated with the choice of the 
Cu:SC ratio, analysis of the attainable insulation thickness 
and packing factor in each case, and an understanding of 
the cryogenic operating conditions and cooling method. 

UNDULATOR PROTOTYPE 
A 6-period prototype NbsSn undulator is currently 

being fabricated that will test key design issues that arise 
when operating in the type of regime discussed above (see 
table 2). Issues that are being addressed include selection 
of a suitable state-of-the-art conductor, determining a coil 
winding method that is applicable for a variety of 
undulator designs and conductor geometries, and quench 
protection for designs with extremely high Cu current 
densities (~ 6000 A/mm^). Increasing the allowable 
copper current density will allow for the full benefits of 
advanced superconductors to be realized (see figure 3). 

Superconductor selection 
Superconductors for SCU's must support very high 

current densities in order for these devices to exceed the 
performance characteristics of pure permanent magnet 
and hybrid magnet devices. Due to the relatively low peak 
field on the conductor (typically -4-6 T), extremely high 
superconductor current densities are possible. In the case 
of a quench the current is carried by the Cu stabilizer, and 
the protection system and conductor Cu fraction must be 
correctly matched. 

The importance of increasing J„, is shown in Figure 3. 

Traditional magnet designs keep J^ to ~ 2000 A/mm^ or 
less. Under such conditions the use of advanced 
superconductors, such as APC NbTi or NbaSn, will result 
in a higher Cu fraction (which increases the conductor 
stabiUty and facilitates protection), but will not translate 
into a significant increase in attainable axial field (see 
figure 3, line A). 

20 
period [mm] 

Figure 2. Performance ciuves for NbsSn superconducting 
undulators (see text for assumptions) 

2.0 4.0 6.0 8.0 10.0 12.0 

Peak field on conductor [T] 

Figure 3 Effect of a copper current density limitation on 
the attainable performance of a device. The model 
corresponds to a linear B(J) load line and assumes 
Cu:SC=l at low current. Once the J^ limit is attained, 

the copper cross section is "increased " to keep J^^ 
constant. 

High copper current density can be achieved by using a 

high '^ superconductor with a low Cu:SC ratio, traits 
found in recent Nb3Sn conductors. We have investigated 
both intemal-Sn mono-element conductors [2] and Oxford 

jelly-roll strands [3]. '^ measurements were performed at 
LBNL. The intemal-Sn strands were unstable below 10 T, 
perhaps due to flux jumps occurring under high transport 
current conditions. The jelly-roll strand (see cable 
parameters in table 2), was stable throughout the field 
range      of     interest      (5-6      T),      and      yielded 
J(5.9T,4.2K) = 6115 A/mm'    .    .    ^   ^ -o ,u ^  A ''^       '        -' .A six-strand Rutherford 
cable was then fabricated at LBNL and is being used in 
the undulator prototype. 
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Coil winding method 
The coilpack design keeps all tum-to-tum, layer-to- 

layer, and coil-to-coil transitions on the far side, away 
from the beamline (see figure 4). The reaction and potting 
fixtures are designed to force the coilpack flat on the 
straight sections. Only the potting fixture plate on the 
beam side needs to be removed during operation. In the 
flat coil section on the beam side the net Lorentz force is 
directed toward the yoke, i.e. away from the beam. 

The coil-to-coil transitions incorporate "buttons" (see 
figure 4) so as to minimize hard-way bends in the 
conductor in the case of a cable or tape. The winding 
approach is applicable for any period size. 

Joint region 

NbTi lead (in. 

Potting 
fixture 

NbTi lead (out) 

Buttons 

Poles 

Figure 4 Model of the LBL 6-period NbjSn prototype. 

Quench protection 
The jelly-roll strand is 52% Cu, resulting in 

J„, - 5650 A/mm^ during a quench at peak field. A 
simple thermal model [4] equating Joule heating and the 
heat capacity of the Cu yields 

]YC^{T)lp{T)dT = ]j\t)dt = Jit, 
4.2 0 

where tj is a characteristic heating time. For 

r„ = 300K we obtain t^ ~ 40ms . A passive protection 
system incorporating diodes eliminates the uncertainty of 
triggering an active system with such a short time 
constant. Diodes in a parallel circuit across the upper and 
lower undulator sections will begin to conduct as soon as 
they see a voltage larger than ~5V. Most of the supply 
current will be diverted through them, and the coil current 
will decay rapidly Since the inductance L = 2ElP is 
low (see table 2), little voltage is needed to energize the 
coils and a single diode can be used for each undulator 
half 

Calculations show that a single coil can absorb half of 
the stored energy of the system (mutual inductance 
between the upper and lower halves will trigger a quench 
in the opposing coil) without exceeding -350 K. By 
incorporating diodes, however, the design insures that 
most of the energy is diverted elsewhere. 

Voltage taps are being installed at each period to 
provide experimental verification of the quench behavior. 

The protection system design is scalable to full length 
devices. 

Table 2 NbaSn prototype undulator design parameters 

and anticipated performance. 
Coil Geometry                                                                   | 
/I [mm] 30 
Py, [mm] 4.8 

c„, [mm] 10.2 

C/, [mm] 5.4 

VH [mm] 28 
Average turn length rmm] 21.9 
Turns/layer 5 
Number of layers 5 

1 Conductor                                                                         | 
Strand diameter fmrn] 0.48 
Number of strands in cable 6 
Cable width (bare) [mm] 1.75 
Cable height (bare) fmrn] 0.90 
Insulation thickness Fmm] 0.065 
Cu:SC 1.08:1 
RRR 21 
Cabling packing factor 0.72 
Overall SC fraction 0.24 
y,(5.9T,4.2K) [A/mm'] 6115 
Anticipated performance (h=5 mm) 

B,U] 3.2 

K^ [T] 5.9 

/.nax   [A] 3200 

E (stored energy/period) \J\ 2000 

CONCLUSION 
Superconducting undulators have the potential to 

significantly enhance the operation of existing and fixture 
light sources. In order to make full use of the most 
advanced superconductors, the protection system must be 

capable of handling values of ■^'^'' well beyond those 
typically used in superconducting magnet design. A 
prototype Nb3Sn undulator design is currently being 
fabricated to verify the passive protection method 
presented in this paper. 
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HARMONIC CONTENTS OF AND DETAILED STUDY ON A HIGH-GAIN 
HARMONIC GENERATION FREE ELECTRON LASER* 

Juhao Wu^ 
SLAC, Stanford University, Stanford, CA 94309 

Abstract 

In this paper, we calculate the thu-d harmonic of a High 
Gain Harmonic Generation (HGHG) Free Electron Laser 
(FEL) at saturation. In the HGHG FEL scheme, there is 
an external dispersion section, which provides an efficient 
microbunching. Study on the emittance effect in such an 
external dispersion section suggests a new optimization for 
the HGHG FEL. We finally discuss how to reduce the in- 
coherent undulator radiation which is a noise with respect 
to the seed laser. 

INTRODUCTION 

High-Gain Harmonic Generation (HGHG) Free- 
Electron Laser [1] is perceived as a candidate for a 
coherent light source in the Deep UV to X-ray regime 
[2, 3]. So far, our main interest is on the fundamental 
radiation [2]. However, at the end of the amplifier, the 
HGHG FEL is in deep saturation regime, hence harmonic 
contents are significant. These harmonic contents [4, 5] 
are the natural extension to shorter wavelengths. We hence 
upgrade the TDA simulation code [6] to calculate the 
harmonics. 

To enhance the microbunching process, in the HGHG 
scheme, an external dispersion section is adopted. Such 
a dispersion section enhances microbunching more effi- 
ciently than the undulator does. Besides this, emittance ef- 
fect is less stringent in the external dispersion section than 
in the undulator. This then provides a new optimization 
scheme. 

When it passes through the undulator together with the 
seed laser, the electron beam will produce undulator radi- 
ation, which is a noise with respect to the seed laser. We 
suggest an approach to reduce such noise effect. 

TDA-HARMONICS SIMULATION CODE 

Numerical simulation of Self-Amplified Spontaneous 
Emission (SASE) FEL is normally performed using time- 
dependent computer codes [7], which require large CPU 
time and memory. Time-independent simulation code such 
as TDA [6] relaxes this, though people normally think it 
will be less accurate. Previous studies proved that TDA is 
still a very useful code as long as we use it properly [8]. 
For HGHG FEL, the input seed laser well dominates the 
shot noise, so TDA is sufficient. We therefore upgraded the 

*The work was supported by the U.S. Department of Energy under 
Contract No. DE-AC03-76SF00515. 

tjhwu@SlAC.Stanford.EDU 

TDA code to include harmonics. We test our code against 
published results [5,9,10]. 

Equations of motion 

We keep the same notation as those in TDA. We here 
present the dynamics equations for a planar undulator. 
Similar to TDA, TDA-Harmonics (TDA-H) uses the fol- 
lowing two equations for the longitudinal motion: one for 
the Lorentz factor 7 and the other for the electron phase 
d = {ks+ kw)z — Ws t. They are 

dz 
Ksd-t, 

E/R^{G/}' (1) 
/=i 

and 

de__,        ks 
dz~   ""    272 

l+al+ 72/3io - 2a„ ^ Im{G/} 

where. 
(2) 

\v2au, 

(3) 

Here, the radiation field is characterized by the wavenum- 
ber ks = 2'K/\S = UJS/C, the dimensionless vector po- 
tential rms value a^ = eAs/{mc) and the phase (f)s. The 
wiggler field is specified by the wavenumber k^ and vec- 
tor potential a^ = eBy,/{mckw)- In these equations, 

P±o = JPlo + /3yo is the transverse drift speed and /S^o 
and PyQ are the smooth motions of the guiding center. In 
addition, / is the harmonic number, and the K functions 
are defined the same as Eqs. (34) and (A7) in Ref. [11], 
i.e., 

-1-00 

K^p\i,a)    ^    (-l)/^J„(/0 

-l)'"'/2n+/-TO(/<T) - J2„+f+mif(^) 

(4) 

and 

-1-00 

Kfi^, a) = 2i-l)f J2 Jn{fOJ2n+fifT), (5) 
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where, 

and 
a = y/2awP:,aKI{lkJ). 

(6) 

(7) 

Notice, our a^, the same as that in TDA is the rms value, 
while aw in Ref. [11] is the peak value. 

The two dynamic equations (1) and (2) should be com- 
pared with Eqs. (l.a) and (l.b) in Ref. [6]. The equations 
of the transverse motions are not changed formally. 

Wave equation 

There are / equations, each stands for a harmonic field. 
They are 

-TT       + 
1 

2ifk. 
-vi a{ exv{i<t>i) 

.f eZo    1 N 

mc 
I 

-2/Oj)—exp(- 
7j 

-if^i) 

{^^Ma.-a:o,)+X«J(:r-a:o,) 

+ 
iKf 

X ■ - Xoj — 
y/2'yjky 

-    6 Ix-xoj + 
V2jjK 

(8) 

The power balance equation could be derived straightfor- 
ward and it could be used as a self-check for the numerical 
simulation results. 

Initial conditions 

We specify the electron distribution function on the 6- 
dimensional phase space F{j,<p,p^,x,py,y) at the en- 
trance of the wiggler at z = 0. For the initial radiation 
field, we assume a Gaussian TEMQO mode at z = 0 for 
each harmonic as well as for the fundamental radiation as 
what was done in TDA. 

Preliminary results 

We compare TDA-H with TDA and other available re- 
sults. Good agreements are found. Summary is in Table 1, 
where we compare with the experiments and make predic- 
tion for the LCLS project at SLAC as well. 

Now, let us study the harmonic content in an x-ray 
HGHG PEL. In our scheme [2], there is a 33.5 m long am- 
plifier, which is resonant at 1.5 A. In the amplifier, the 
HGHG PEL is in the deep saturation regime, hence sub- 
stantial harmonic contents are expected. We use TDA-H 
to calculate the 3rd harmonic content. The result shows 
that there is about 30 MW radiation at the third harmonic, 
i.e. at 0.5 A. The evolution of the radiation power in the 
amplifier is illustrated in Pig. 1. Different from the SASE 

TDA-H TDA Ref. 
LCLS 
1.5 A 

Fund. 14 GW 14 GW 8GW 
3rd 28 MW 15 MW 

LCLS 
4.5 A 

Fund. 9GW 9GW 7GW 
3rd 35 MW 40 MW 

LETUL 
SASE 

Fund. 76 MW 78 MW 70 MW 
3rd 520 kW 600 kW 

ATP 
HGHG 

Fund. 33 MW 35 MW 30 MW 
3rd 630 kW 350 kW 

Table 1: Comparison of the results from TDA-H with those 
from TDA[6] and other references. For ATF HGHG exper- 
iment, we use Ref. [9]; for the others, we refer to Ref. 
f5]. 

FEL, the electron beam in HGHG PEL is akeady highly 
microbunched when it enters the final amplifier. Hence, the 
harmonic contents have quite large initial power. This is ex- 
plicitly shown in Pig. 1, though, initially, there is not much 
growth for the harmonics. Basically the electron beam and 
the harmonic exchange energy back and forth, but not much 
net growth in the harmonic power. Later, when the funda- 
mental radiation is exponentially amplified, the bunching 
at the harmonics is also enhanced substantially. This is the 
nonlinear region for the harmonics [5]. 

Pwffion rn Ihe AmpSfier (rti) 

Figure 1: The evolution of the radiation power in the am- 
plifier. The vertical axis stands for the logarithm of the 
radiation power to the base of 10. The solid line is for the 
fundamental radiation at 1.5 A; and the dashed line for the 
3rd harmonic at 0.5 A. 

EMITTANCE EFFECTS 
In the SASE FEL, the microbunching is produced purely 

in the undulator. The path length difference induced by the 
energy spread and that by the emittance are both second- 
order effect. Hence, the emittance is an important effect, 
which will lead to microbunch diffiision. In the HGHG 
FEL, there is an external dispersion section, where the path 
length difference produced by the energy modulation is a 
first order effect, hence the emittance is not important[12]. 
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We called this the Natural Emittance Effect Reduction 
(NEER) mechanism. 

In an undulator, the effective energy spread due to the 
emittance is 

7 

undul 

eff,e 

s 1^0 

Z Kt, 
(9) 

where k^ is the betatron wavenumber. 
In an idealized dispersion section, the emittance acts like 

an effective energy spread of 

7 eff,e '   d7 

(10) 

where kg is the wavenumber in the radiator, and L^ = 4Lx 
is the total length of the dispersion section, which is as- 
sumed to consist of 4 pieces of dipole, each is Li long. 

The ratio of these two effects is then 

V = 
eff,e 

undul 

eff,e 
(11) 

This ratio is generally small due to the huge 7. A detailed 
study [13] on our cascading HGHG approach [2] shows 
that the eifective energy spread due to the emittance in the 
dispersion section is far smaller than that in the undulators. 
Hence, by reducing the undulator length, the emittance ef- 
fect is greatly reduced. This NEER mechanism suggests 
a new operation mode [13], i.e., we could use an electron 
bunch with a higher current, though an unavoidably higher 
emittance, in the Harmonic Generation stages. 

INCOHERENT/COHERENT 
SYNCHROTRON RADIATION EFFECT 

Saldin et al. [14] pointed out that the undulator radiation 
is the noise with respect to the seed laser. The Noise-To- 
Signal (NTS) ratio is increased by a factor of Ny^, where N^ 
is the harmonic number. Hence, for the cascading HGHG 
approach [13], the worst problem comes at the first stage. 
To overcome this, in the modulator of the first stage, we 
increase the input seed power to 1 GW. Then the final NTS 
ratio is about 14% in the 1.5 A HGHG EEL. The first side- 
band locates at 1/(2 Nh iV„) [13], where N^ is the number 
of undulator period. Hence, as long as this sideband is out- 
side the signal bandwidth, it would not be a concern. In 
the radiator, together with the HGHG EEL, there will be a 
SASE EEL. In order to reduce the SASE EEL, we increase 
the energy modulation A7 produced in the modulator, and 
reduce the dispersion strength ^ in the dispersion section 

accordingly to keep A7 ^ constant. Recall that the bunch- 
ing factor 

hn = exp 2 /'# 
d-y Jn A7 m (12) 

Hence, by doing so, 6„ is increased! Now recall that the 
start-up coherent emission (CE) power P'^"'* a |6„|^ [13]. 

Hence the start-up CE power is in fact increased! However, 
since the energy modulation is an effective energy spread, 
the power e-folding length increases to be LG r = 0.9 m, 
while Lor = 0.6 m for the case without energy modula- 
tion [2]. Because of the larger energy spread, the satura- 
tion power is reduced. At about LRad. = 4 m, the system 
reached saturation. In such a radiator the SASE EEL is only 
about 2 kW. Recall that the HGHG EEL has a power of 10 
GW, and now N,, = 450/1.5 = 300. The final NTS ratio 
is about 2%. The contribution from the other undulators 
is smaller because Nh is reduced along the device. Hence, 
the undulator radiation is not serious. 

The dispersion section between two adjacent undulators 
is essentially a bunch-compression chicane. As an esti- 
mate, we assume an ideal dispersion section, i.e., a three- 
dipole chicane with no drift space among the dipoles, so 
that the length of the first and third magnets both to be 
Li, the middle magnet length to be 2Li. The momen- 
tum compaction is Rse = 4Li ^^ - ^j, where tp 

is the bending angle. Now we hope to get a path differ- 
ence of Ar/4 for a relative energy modulation of Ad, i.e. 
Ar/4 = R^eAS. If we assume the magnetic field to be 
B — 0.5 Tesla, and Li = 8 cm, then the bending angle is 
only ip w 0.3°. Simulation by Elegant[15] shows that the 
CSR effect is essentially zero. 
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CALCULATION OF THE COHERENT SYNCHROTRON RADUTION 
IMPEDANCE FROM A WIGGLER* 

Juhao Wu^ T.O. Raubenheimer and G.V. Stupakov 
SLAC, Stanford University, Stanford, CA 94309 

Abstract 

Most studies of coherent synchrotron radiation (CSR) 
have considered only the radiation from independent dipole 
magnets. However, in the damping rings of future lin- 
ear colliders and many high luminosity factories, a large 
fraction of the radiation power will be emitted in damp- 
ing wigglers. In this paper, the longitudinal wakefield and 
impedance due to CSR in a wiggler are derived in the limit 
of a large wiggler parameter K. After an appropriate scal- 
ing, the results can be expressed in terms of universal func- 
tions, which are independent of K. Analytical asymptotic 
results are obtained for the wakefield in the limit of large 
and small distances, and for the impedance in the limit of 
small and high frequencies. 

INTRODUCTION 

Many modem advanced accelerator projects call for 
short bunches with low emittance and high peak current 
where coherent synchrotron radiation (CSR) effects may 
play an important role. CSR is emitted at wavelengths 
longer than or comparable to the bunch length whenever 
the beam is deflected [1]. The stringent beam requirements 
needed for short wavelength Self-Amplified Spontaneous 
Emission (SASE) free-electron lasers have led to intensive 
theoretical and experimental studies [2] over the past few 
years where the focus has been on the magnetic bunch com- 
pressors required to obtain the high peak currents. In addi- 
tion to these single-pass cases, it is also possible that CSR 
might cause a microwavelike beam instability in storage 
rings. A theory of such an instability in a storage ring has 
been recently proposed in Ref. [3] with experimental evi- 
dence published in [4]. 

The previous study of the CSR induced instability as- 
sumed that the impedance is generated by the synchrotron 
radiation of the beam in the storage ring bending magnets 
[3]. In some cases (e.g. the Next Linear Collider (NLC) 
damping ring [5]), a ring will include magnetic wigglers 
which introduce an additional contribution to the radiation 
impedance. The analysis of the microwave instability in 
such a ring requires knowledge of the impedance of the 
synchrotron radiation in the wiggler. Although there have 
been earlier studies of the coherent radiation from a wig- 
gler or undulator [6, 7], the results of these papers cannot 
be used direcfly for the stability analysis. 

In this paper, we derive the CSR wake and impedance 
for a wiggler. We focus our attention on the limit of a large 
wiggler parameter K because this is the most interesting 

♦The work was supported by the U.S. Department of Energy under 
Contract No. DE-AC03-76SF00515. 

tjhwu@SLAC.Stanford.EDU 

case for practical applications. It also turns out that, in 
this limit, the results can be expressed in terms of universal 
functions of a single variable after an appropriate normal- 
ization. 

ENERGY LOSS AND LONGITUDINAL 
WAKE IN WIGGLER 

The longitudinal wake is directly related to the rate of 
energy loss dS/dt of an electron in the beam propagating 
in a wiggler. For a planar wiggler, a general expression for 
d£/dt as a function of the position s of the electron in the 
bunch and the coordinate z in the wiggler was derived in 
Ref. [7]. We reproduce here the results of that work using 
the authors' notation: 

d8       ,        /•« 
-^ = e2fc^/     ds'D{s-s',K,z) ..dX{s') 

ds' (1) 

where A(s) is the bunch linear density, 

Dis,K,z) = l-2x 
s 

A-K^B{A,z) [sin A cos z -|- (1 - cos A) sin z] 

B{A,z)=  (1  -cosA-AsinA)cosf 

+   (A cos A-sin A) sin i, 

and A is the solution of the transcendental equation 

(2) 

(3) 

^   "    Y(l + ^j+^{[2(l-cosA)-AsinA] 

X   (cos A cos 2z + sin A sin 2z) -2(1 - cos A)}. (4) 

In the above equations, we use the following dimension- 
less variables: s = 7^ A;„ s and z = k^ z. The parameter 
A is equal to kyj{z - Zr), where z and Zr are the pro- 
jected coordinates on the wiggler axis of the current po- 
sition of the test particle and the retarded position of the 
source particle, respectively. The internal coordinate s is 
defined so that the bunch head corresponds to a larger value 
of s than the tail. The wiggler parameter K is approxi- 
mately K sa 93.45^ A,^,, with B^ the peak magnetic field 
of the wiggler in units of Tesla and X^ the period in meters. 
In addition, 7 is the Lorentz factor, e is the electron charge, 
c is the speed of light in vacuum, and kyj = 27r/A^ is the 
wiggler wave number. Note that the function D is a peri- 
odic function of z with a period equal to n. Also note that, 
despite assuming iiT > 1, we still assume a small-angle 
orbit approximation, i.e., K/j < 1. 

We introduce the longitudinal wake W{s) of the bunch 
as the rate of the energy change averaged over the z coor- 
dinate: 

.dA(s') 
ds' 

(5) 
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where G{s) i r 
-^ Jo 

dzD{s,K,z), (6) 

and we dropped K from the list of arguments of the func- 
tion G. The positive values of W correspond to the energy 
loss and the negative values imply the energy gain. The 
usual longitudinal wake iy(s) corresponding to the interac- 
tion of two particles is then defined as 

.   dG{s) 
'w{s) 

ds 

so that W{s)= f    ds'w(s-s')\{s'). 
J —OO 

(7) 

(8) 

Note that the wake Eq. (7) is localized in front of the parti- 
cle and vanishes behind it; w = 0 for s < 0. 

In the limit of large K, we can neglect unity in the first 
bracket of Eq. (4), assuming that K^/2 > 1. Such an 
approximation is valid, if we are not interested in the very 
short distances of order of (K kwj^)'^ (0.5 A for the NLC 
dampmg ring wiggler [5]). We also introduce a new vari- 
able C = s/K^ which eliminates the parameter K from 
Eq.(4): ^ ^ 
C(A,f) = - + —{[2(1 - cos A) - A sin A] 

X (cos A cos 2i-h sin A sin 2f) -2(1 -cos A)}.   (9) 

In this limit, the expression for D, Eq.  (2), can also be 
simplified: .    .        . ,  ,, A\  •   » 

r.^A ^^_oSmAcos^-|-(l-cosA)sm2: 
^[(„z)-2 B{Aj) '       ^^"^ 

as long as A is not too small, A » 1/K. Again, the pa- 
rameter K is eliminated from this equation. 

WAKEFIELD 

Using Eq. (6) and (10) we find 

G(C) 
2 r 
•^ Jo 

dz 
sin A cos z + {I — cos A) sin z 

(11) 

where A = A{(^,z) is implicitly determined by Eq. (9). 
The integrand in this equation has singularities at points 
z = Zg where J5(A(C, Zg), Zg) = 0. It could be checked 
that in the vicinity of a singular point B(A(^, z)) oc (£ — 
ZgY^^, and the singularity is integrable. 

We plot the function G(C) calculated by numerical inte- 
gration in Fig. 1. A characteristic feature of the function G 
is the presence of cusp points, at which the function reaches 
local maxima and minima. Approximately, they are 

G(C) ■li 
4(2w-l)7r 

4+[(2n-l)7r]- ;atCi 
atC: 

(2ra-l)7r 
4 

nTT 
2 

(2n-l)7r      (12) 

with n = 1,2, ■ • •. These are the "x" points in Fig. 1, 
showing very good agreement with the numerical result. 
The longitudinal wake given in Eq. (7) will reach infinity 
when approaching the maxima and minima from one side, 
and negative infinity on the other side. 

In the limit C < 1, it follows from Eq. (9) that A < 1 
as well. Equation (9) can then be solved using a Taylor 

expansion of the right-hand side: A = (24 ^/cos^ z) ^ . 
Expanding the integrand in Eq. (11), keeping only the first 
nonvanishing term in A yields 

1 
G(C) = -- 

7r(3C)i/3 
dz cos^/^ z 

43^/^r(^) 

5v/^r(|) ^ 
-0.99 C^/^ (13) 

The above result can also be obtained if one considers a 
wiggler as a sequence of bending magnets with the bending 
radius R = ^/k.u,K\ cos z\, since in this limit the formation 
length of the radiation is much shorter than the wiggler pe- 
riod, and one can use a local approximation of the bending 
magnet for the wake. In the limit ^ > 1, the parameter A 

Figure 1: The solid curve represents the G{Q defined in 
Eq. (11) as a function of the normalized coordinate 2C/7r. 
The (x) signs are the approximation given in Eq. (12). 

is also large, and Eq. (9) can be further simplified: 

A     sin A cos(A - 2z) 
^~ T 4 ■ (14) 

In Eq. (3), we keep only the largest term B{A, z) = 
—A sin(A - z). For D, one now finds, D{C,z) = 
F(C,^)/C,with 

F{(:,z) 
sm^: 

2 sin(f - A(C, 5))      2' 
(15) 

where the function A(^, z) is implicidy determined by Eq. 
(14). Averaging over one wiggler period, we find G(C) = 
F(C)/C,with 

''''      • . (16) F{0 ^-fdzFiC, z) =±(-n+rdz-^^ 
■KJQ 2IT\      JO    sm{z z-A) 

It is easy to check that the function F is periodic, F{(^ + 
IT/2) = F(C), and F{0) = 0, F(7r/4) = -1 in agree- 
ment with Eq. (12). The average value F{Q is equal to 
-1/2. Since F is periodic in ( with a period of 7r/2, using 
Eq. (16), we can obtain a Fourier series representation for 
F{Q. The corresponding long-range wake is then 

1 
G(C) = 

2C 
'2n +1 l^r /2n + l\    ^     /2n + l\ 

cos(4(2n-|-l)0- (17) 
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Figure 2: The imaginary part of the normalized impedance 
Z{k)/kyj as a function of the normalized wave number 
k/ko. Solid line: numerical solution from Eq. (18); 
dotted line: analytical low-frequency asymptotic behavior 
from Eq. (19); and dashed line: analytical high-frequency 
asymptotic behavior from Eq. (20). 
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Figure 3: The real part of the normalized impedance 
Z{k)/kw as a function of the noimalized wave number 
fc/fco- Solid line: numerical solution from Eq. (18); 
dotted line: analytical low-frequency asymptotic behavior 
from Eq. (19); and dashed line: analytical high-frequency 
asymptotic behavior from Eq. (20). 

IMPEDANCE 

The impedance Z{k) is defined as the Fourier transform 
of the wake, 

/■°° —ii-R'2 too 

■'o 7    Jo 

where fco = A.-y'^k^/K'^ is the wiggler fundamental radia- 
tion wave number. 

We evaluated the integral in Eq. (18) using numeri- 
cally calculated values of the function G{C.) in the interval 
[Cmin, Cmax], whcrc Cmin » 10~^ and Cmax « 50. The Con- 
tribution to the integral outside of this interval was calcu- 
lated using asymptotic representations Eqs. (13) and (17). 
The resulting imaginary and real parts of the impedance are 
shown in Figs. 2 and 3, respectively. 

Simple analytical formulas for the impedance can be 
obtained in the limit of low and high frequencies. The 
low-frequency impedance corresponds to the first term in 
Eq. (17) for function G which does not oscillate with C,: 
G{0 = -1/(2C). Using the definition in Eq. (18), we 

then obtain the low-frequency asymptotic behavior of the 
impedance as 

Z{k) % Zi l\itn _ 7E + log 
Ak 

)-'Mi) (19) 

where, 7E « 0.5772 is the Euler gamma constant. 
Since we have an analytical expression for the short-range 
p(C) in Eq. (13), we get the asymptotic high-frequency 
impedance as 

5v/^r[|]    V 7 / 
2/3 

-Q.niA{tl^\     jfcV3^ (20) 
7 

with A = 3-V3r(2/3)(v/3i-l) w 1.63 z-0.94 [3]. The 
asymptotic low- and high-frequency impedance are plotted 
in Figs. 2 and 3 for comparison with the numerical solu- 
tion. 

DISCUSSION AND CONCLUSION 
In this paper, we derived the wakefield and the 

impedance for wigglers with K'^/2 » 1 due to the syn- 
chrotron radiation. Analytical asymptotic results are ob- 
tained for the wakes in the limit of small and large dis- 
tances and for the impedance in the limit of small and high 
frequencies. The results obtained in this paper are used for 
the beam instability study due to the synchrotron radiation 
in wigglers [8]. 
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DESIGN OF A REVOLVING HELICAL STAGGERED UNDULATOR 

C. H. Chang^ C. S. Hwang, Ch. Wang, T. C. Fan and G. H. Luo, NSRRC, Taiwan 

Abstract 
This investigation proposes a revolving helical 

staggered undulator with lO-mm and 15-mm period 
lengths for free electron laser operation. The helical 
staggered structure with a 10-mm period length is 
designed to produce vertical and horizontal field strength 
of 0.625 T at a phase shift of 90 degrees, by driving a 
longitudinal solenoid field of 0.7 T with a 3-mm gap. 
Three-dimensional magnetic field analysis was performed 
using RADIA computer code. An optimized magnetic 
structure was studied over various operating field ranges. 
A revolving helical undulator is equipped with two helical 
magnetic arrays to switch the helicity of radiation and 
broad radiation spectrum. Accordingly, the design of a 
helical staggered undulator is outlined. 

INTRODUCTION 
Several insertion devices can generate circular 

polarized light, including the APPLE II type undulator 
and the crossed undulator. In a planar undulator, the 
APPLE II provides the highest circular polarization rate, 
which depends on the gap and the phase position [1]. 
Hence, an APPLE II undulator has been used in the 
storage ring at various laboratories. However, for free 
electron laser (PEL) operation, the imdulator must satisfy 
strict mechanical tolerances and magnetic field quality 
requirements. In most cases, the undulator is constructed 
with a fixed gap to prevent the severe complications 
associated with gap movement and phase shift. 

A shorter period undulator with higher fields can 
extend the spectral range. For PEL applications, a shorter 
periodic length corresponds to a smaller overall undulator 
length. Typically, an aperture needs only to be large 
enough for single-pass beams. It made possible to lead a 
helical undulator with a small gap width. In addition, a 
helical undulator always generates a higher magnetic field 
than a planar undulator. Hence, a helical staggered 
undulator, which can be operated simply and stably, is 
being developed at the National Synchrotron Radiation 
Research Center (NSRRC) in Taiwan. 

In this work, a helical staggered undulator with a 
10-mm period length is designed to create strong vertical 
and horizontal magnetic fields. In principle, the magnetic 
field strengths must be equal, and the phases of the 
magnetic fields must be 90° apart to produce circularly 
polarized light. The helical staggered undulator is 
comprised of two planar staggered arrays shifted by a 
quarter of a period length parallel to the longitudinal axis 
to generate By sin2;tz and Bx coslnz magnetic fields 
along the longitudinal z axis [2], Figure 1 presents the 

*This work was supported by the National Science Council of Taiwan 
under contract No. NSC 91-2213-e-213-001 
"changlgsrrc.gov.tw 

proposed helical undulator design. Table 1 lists the main 
parameters. 

Table 1: Main parameters of helical staggered undulator 

Undulator type Helical/Revolving 
Period length mm 10 15 
Fixed gap width mm 3 3 
K value 0.8 1.58 
Peak on-axis field T 0.86 1.13 
Horizontal field strength   T 0.62 0.8 
Vertical field strength T 0.62 0.8 
Polarization mode 
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Fig. 1 Schematic view of the helical staggered array 

MAGNETIC DESIGN 
In designing an undulator for a given energy, the 

E^eW- 950£-[G.F] 
/l„(l + if'/2 + ^V   ) 

wavelength of the emitted radiation is given by 

Where ii:=0.934 B (T) Xu (cm), 

B ^ 
For circular polarized light, Bx=By, Note that a 

helical magnetic field has /"2 times the peak magnetic 
field strength of the identical horizontal and vertical field 
as compare to a planar undulator. The periodic magnetic 
circuit must be optimized by a reasonable gap to 
maximize the magnetic field strength. Wake field effects 
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and magnet radiation damage determine the gap limit on 
the vacuum chamber aperture and the undulator gap [3]. 
An undulator must be used in vacuum to widen the 
aperture as much as possible. The permanent magnet is 
not employed in the staggered undulator without 
concerning the magnet degradation in the small gap. 
Accordingly, the helical staggered undulator enables the 
horizontal and vertical gaps to be as narrow as possible. 

The original planar "staggered-array wiggler" was 
built at Stanford University [4]. A staggered-array 
undulator consists of a superconducting solenoid coil and 
two rows of vanadium permendure pole stacks and 
stainless steel half-blocks. The solenoid field is deflected 
vertically into each vanadium permendure face, to 
generate an alternating vertical field. Two planar 
staggered undulators, shifted a quarter of a periodic 
length, are separated by a fixed gap width to generate a 
helical field. In the helical undulator, the pole region is 
completely symmetrical at a declination angle of 45° to 
the axis, increasing the available space in both the vertical 
and the horizontal directions. 

Figure 1 presents the configuration of the magnetic 
structure with 10-mm period length. The alternating 
sinusoidal field is derived from the helical staggered 
magnetic array by changing the current in the 
superconducting solenoid coil. The pole blocks are 
constructed from vanadium permendur. Magnetic field 
calculations have been made using RADIA 3D computer 
code [5]. Three-dimensional field analysis optimized the 
periodic magnet structure. Figure 2 plots the variation of 
the peak fields as a function of the magnetic gap at a 
current density of 30 A/mm^. 
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Fig. 3 The horizontal and vertical fields in a 10-mm 
period length, derived fi-om solenoid field 

The region of uniform field is also sensitive to the 
width of the narrow gap. The small width of pole is 
constrained by the width of gap. Therefore, the 
homogenous field is constrained in a narrow region 
around the beam axis. The magnetic field is less uniform 
nearer the axis because the ferromagnetic pole pieces 
fi-om the conjunctive magnetic array. The integrated 
multipole errors are not very critical in an electron single 
pass undulator. Figure 4 plots the vertical field 
distributions along the horizontal axis at y=0 mm and the 
vertical axis at x=0 mm. 

- By(x) 
- By(y) 

Fig. 4 The vertical field distributions along the horizontal 
axis at y=0 mm and the vertical axis at x=0 mm. 

Gap [mm] 

Fig. 2 The variation of the peak fields as a function of the 
magnetic gap at a current density of 30 A/mm^. 

The horizontal staggered magnetic array was in the 
quarter-period shift position. The 3-mm wide sharp pole 
must accommodate a minimum magnetic gap width. The 
width of the pole is chosen to yield the strongest magnetic 
field in the mid-plane. Varying the current density 
between 0 and 50 A/mm^ yields a maximum field of 
0.625 T due to saturation of the vanadium permendur pole. 
A peak vertical and horizontal magnetic field of 0.625 T 
was achieved by driving a longitudinal solenoid field of 
0.7 T in a 3-mm wide gap. Figure 3 presents the 

An anti-symmetric magnetic array configuration 
was designed under stringent magnetic field requirements 
to increase the effective magnetic pole. The end pole field 
is analyzed using three-dimensional calculations. The 
magnetic pole is magnetically saturated, and the helical 
fields are thereafter insensitive to the strong longitudinal 
field strength. The trim coils in the end coil region can be 
partially adjusted to compensate for the homogeneity of 
the helical field at both ends. The effective poles were 
optimized to reduce the vertical and horizontal fields 
integral using various solenoid currents. Figure 5 plots the 
calculated vertical, horizontal and longitudinal field 
distributions in a helical staggered with 10-mm period 
length undulator. 
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LCP with period 
/lengtliof IS mm. 

Fig. 5 The calculated vertical, horizontal and longitudinal 
field distributions at the end pole region. 

REVOLVING HELICAL STAGGERED 
ARRAYS 

The phase of two planar staggered arrays must be 
longitudinally movable to reverse the helicity of radiation. 
However, the phase shift of magnetic arrays in vacuo 
requires a complicated mechanical design and may be 
disrupt the electron beam in FEL. The challenging 
requirement on the magnetic and mechanical designs is to 
maintain the overlap between the electron beam and the 
photon beam over the entire length of the undulator. In 
this study, the revolving undulator with multi-staggered 
arrays in a single device is proposed. Figure 6 outlines the 
proposed configuration. One magnetic array creates left 
circularly polarized light and another creates right 
circularly polarized light. The back-beam may be 
interchanged. Right or left circularly polarized light can 
be selected by rotating the cylindrical strongback frame. 
The electron beams pass through an offset center so a 
single device is used to generate both right and left 
circularly polarized light. 

Ordinarily, the high magnetic field is limited in the 
short period undulator. Accordingly, the short period 
undulator generates a narrow or discontinuous photon 
spectrum between the high harmonics. Here, several 
period lengths can be served with a single device for 
compensating the discrete photon spectrum. Such multi- 
magnetic arrays provide various periodic lengths to 
broaden the photon spectrum. A cylindrical diameter of 
200 mm can support four different magnetic structures as 
indicated in Fig. 6. 

The helical staggered undulator, with perfectly 
identical horizontal and vertical fields generates ideally 
circularly polarized radiation at the fundamental harmonic. 
Circularly polarized spectra can be generated using a 
helical undulator with 10-mm and 15-mm period lengths 
at fundamental harmonics. The photon energy from a 50 
MeV linear accelerator is produced in the 0.7-2.4 eV 
range. 

Superconducting 
solenoid coil 

RCP with period 
length of 15mm. 

Right circularly 
polarized 

,,   ,,   .     ,   , helialarray 
ILeft circularly ' 
'polarized 
heliol array 

Fig. 6 The configuration of revolving multi-magnetic 
arrays. 

CONCLUSIONS 

Decreasing the periodic length of the helical 
staggered undulator significantly increases the number of 
periods. This device with 10-mm period length generates 
both sinusoidal and helical on-axis magnetic fields of 
0.625 T in a gap width of 3 mm. Such an undulator can 
produce perfectly circularly polarized radiation whose 
direction of circular polarization can be changed by multi- 
magnetic arrays on a single support. Moreover, the multi- 
magnetic arrays concept is applied to broaden the photon 
energy. This proposed revolving helical undulator 
provides the advantages of ease of fabrication and low 
cost in a particular gap width. The helical staggered 
undulator is mostly effective undulator in terms of 
mechanical tolerance, magnetic field error and cost. 
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Abstract 
Since 1995, we have continuously installed five 

insertion devices (IDs) in the 1.5 GeV storage ring TLS at 
NSRRC. They include three undulators (U5, U9 and 
EPU5.6), one 1.8 Tesla wiggler (W20) and one 6 Tesla 
superconducting wavelength shifter (SWLS). All these 
five IDs are located in the long straight sections. The real 
time orbit correction and betatron tune compensation 
routine have been successfully operated. With these IDs, 
the machine emittance reduces substantially. We plan to 
install four more superconducting multi-pole wigglers 
(SMPWs), one in the long straight and three in the 
archromat sections. These devices therefore can offer 
more beam time for the hard X-ray community. The 
impacts of these IDs on the beam dynamics effects are 
reported in this paper. 

INTRODUCTION 
The TLS has six long straight sections, each 6 meters 

long for the installation of insertion devices, injection 
elements and RF cavities. Each of IDs, W20, U5, U9 and 
EPU5.6 occupies one long straight. With the limited space, 
we squeeze SWLS in the injection section and also plan to 
install one SMPW besides the RF cavities in this year. 
Three SMPWs will be put near second bending magnet of 

the triple bend achromat section [1]. SWLS and SMPWs 
will serve more X-ray beam time for the increasing X-ray 
community. Table 1 describes the insertion devices in the 
TLS storage ring. Figure 1 shows the photon flux vs. the 
photon energy of bending magnets and IDs at TLS. Two 
Taiwan beamlines, SP8-BM and SP8-U3.2, at Spring 8 
are also depicted. 

10- 

10' 10' 10' 10* 1C 

Photon Energy (eV) 

Figure 1: The photon flux vs. photon energy of bending 
magnets and IDs at TLS. Two Taiwan beamlines, SP8- 
BM and SP8-U3.2, at Spring 8 are also depicted. 

Table 1: Insertion Devices in the TLS storage ring of NSRRC 
Insertion Device SWLS EPU5.6 U5 SMPW6 W20 U9 SMPW-A 
Location Section Sl/Injection S2 S3 S4/RF S5 S6 Arc 2,4,6 

Type Supercon. Pure Hybrid Supercon. Hybrid Hybrid Supercon. 
Magnet Length (M) 0.835 3.9 3.9 1.404 3.0 4.5 0.85 

Period Length X (cm) 25 5.6 5 6 20 9 6 
(Min.) Gap (mm) 55 18 18 18 22 18 18.5 

Number of Periods 1.5 66 76 16 13 48 7.5 
Maximum By (Bx) Field (Tesla) 6 0.67 (0.45) 0.64 3.2 1.8 1.25 3.5 
Photon Energy (eV) 

[Used Range] 
Min. 4000 80 60 5000 800 5 5000 
Max. 38000 1400 1500 14000 15000 100 14000 

Defection Parameter Kv (Kx) 190.5 3.52(2.37) 2.99 17.9 33 10.46 19.6 
Vertical Tune Shift Av 
(Horizontal Tune Shift) 

0.0504 
(-0.014) 

0.011 
(-0.012) 

0.008 0.036 0.036 0.033 0.05 

Installation Date Apr.2002 Sep. 1999 Mar. 1997 Dec.2003 Dec. 1994 Apr. 1999 2005 

INJECTION AND ORBIT STABILITY 
With the insertion devices in the beam line, we need to 

study the beam dynamics effects, such as the lattice optics 
perturbations, the emittance change, the impact on the 

dynamic aperture, the orbit stability, lifetime, size 
reduction of the beam duck and increase of the vacuum 
reading, etc. It is also important to know if the injection 
can be seriously jeopardized with any setting of the DD's 
gap and phase at this 1.5 GeV low energy storage ring. 
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More cares should be taken in the construction of these 
IDs and it is necessary to meet the specifications to ensure 
the minimum impact on the beam dynamics. 

It is concluded that for W20 wiggler and SWLS the 
magnetic field strength are almost set at its maximum 
operational values even during injection. Therefore it is 
less complicated to operate such devices in terms of the 
field scan. However, during the commissioning period, 
the orbit drift, tune shift and path-length while field is 
ramped should be carefully compensated for and a 
correction table thus was established. 

Undulator, U5 and U9, EPU5.6, are allowed to be 
capable of field scan during users shifts. To this end, in 
addition to a fast global orbit feedback system, we need to 
apply look-up tables to reduce the orbit fluctuation and 
tune shift when the gap or phase of these IDs are changed. 

Emittance and Dynamic Aperture 
The integration of the six IDs in the dispersion-free 

long straight sections will bring the natural emittance 
from 25.6 nm-rad of the bare lattice to 21.0 nm-rad. 
Adding three more superconducting multipole wigglers in 
the achromats, however, will increase the emittance to 
32.0 nm-rad due to large dispersion in these SMPWs 
locations. The synchrotron loss is increased from 128 
keV/tum of the bare lattice without insertion devices to 
202 keV/tum with all 9 IDs. The required RF power at 
400 mA stored beam should be enough after installing a 
superconducting RF cavity in the near future. Initial 
stored current of present routine operation is 200 mA. 

Simulation of the dynamic aperture with these IDs has 
been carried out and including all field errors in all 
magnets (measured or specified), we obtain an acceptable 
reduction of the dynamic aperture from PATPET as 
shown in Fig. 2. Similar results are also from other codes 
such as MAD. 

C^Tiamic sptffti-^etalking al initf^lion Cfrter vytli all 9 lOs 

i5ll irw/o error 
a!liDwth error 

Figure 2: Dynamic aperture simulated from PATPET with 
field errors and all insertion devices. 

Gap and Tune Scan 

The EPU5.6 is an elliptical polarization ID and is more 
complicated than the other IDs, U5 and U9. For U5, U9, 
and EPU5.6, linear effects such as mne shift and orbit 
change by the non-zero first- and second- integral field 
strengths are studied in detail in references [2,3]. 

Horizontal closed orbit distortion (COD) of those IDs at 
TLS is about 0.2 to 0.3 mm without correction. It shows 

the main vertical field errors are almost in the same level. 
The orbit distortion in vertical plan of an ID may indicate 
the ID'S horizontal field error and the vertical beta- 
function variation caused by the ID. The observed peak 
values are 0.2 mm for U5,0.3 mm for U9, and 1.5 mm for 
EPU5.6. 

In establishing a follow-gap look-up table for orbit 
correction of each ID, we found that the rms closed orbit 
distortion can be reduced within a few microns if only one 
ID gap varies at one time. 

The corrector strengths beside the EPU5.6 in the look- 
up table are both functions of the gap and phase. However 
it was found that the orbit distortion by varying the phase 
of EPU5.6 is so small that the phase parameter has been 
ignored. 

The peak of real-time orbit distortion is large than 10 
microns when this look-up table method was applied for 
ID'S field scan. In addition, with the help of a fast digital 
orbit feedback system, the peak of orbit variation thus can 
be maintained within a few microns (see Fig. 3). 

e 

us Gap 

'&- 280 
lime (min.) 

3-^ 

Figure 3: With the follow-gap look-up table and global 
orbit feedback system, the orbit drift of the field scan of 
U5, U9 and EPU5.6 can be reduced from a few hundred 
microns to a few microns. When the gaps of U5, U9 and 
EPU5.6 are scanned from 19, 21, and 21 mm to 39, 41, 
and 41 mm, the closed orbit distortions indicated by the 
R4BPM5X (blue) and R3BPM3Y (green), those are used 
in the faster orbit feedback system, are within 2 microns 
in both horizontal and vertical planes. 

As shown in Table 1, with the EPU5.6's gap fixed at 20 
nmi, the observed horizontal tune shift is -0.012 when its 
phase is tuned from 0 to 180 degree (the encoder is from 0 
to 28 mm). There is no horizontal tune shift effect for U5 
and U9. The range of total vertical tune shift of these 
tuneable undulators is about 0.052, which may cross some 
resonance lines if no tune compensation is followed when 
ID'S gaps are changed. We found the tune shift crossing 
some of the 5* order resonance lines caused the photon 
beam instability. The photocurrent drops, when the tune 
crosses 5Vy = 21 and Vx+4Vy = 24 resonance lines. 

We added a follow-gap tune compensation mechanism 
in the look-up correction table of U9 to avoid the 
resonance problem. The tune compensation mechanism 
may use two Ql and Q2 families or two Ql and Q2 pairs 
beside the U9. The Ql and Q2 families are finally adopted 
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since the  optics  perturbation  is  less  than  the  local 
quadrupole pairs. 

Commissioning of the 6 Tesla SWLS 
In April 2002, a 6 Tesla, 3-poIe cryogenic-free SWLS 

was installed between two injection kickers in the 
injection straight section [4,5]. In May, we started 
charging the SWLS and tests with beam. First stored 
beam with SWLS at 6 Tesla was observed on May 21. 
Injection with SWLS fully charged was of no any 
difficulty. Compensation of the orbit excursion and tune 
shift while increasing the magnetic field was conducted 
and as a result there are no major impacts on the beam 
dynamics effects. It is found that the measured tune shifts, 
path-length compensation (RP increase by 1.7 kHz at 6 
Tesla), etc., are in consistent with the model predicted 
values (see Fig. 4). Vacuum cleaning with synchrotron 
light is needed to obtain an acceptable lifetime and beam 
stability. In August 2002, we found there was a crack in 
the ceramic chamber of the downstream kicker magnet 
because of the insufficient shielding against the powerful 
synchrotron radiation from the high field SWLS. The 
shielding was reinforced and replaced in October. In 
reality, the routine operations of SWLS are now at 5.3 
Tesla such that the system is cryogenic-free. This field 
strength is acceptable for the hard X-ray users. As of April 
2003, the beam current lifetime at 200 mA of the stable 
beam is about 8 hours. The commissioning of the 
associated photon beam line is currently underway. 

^02 
2 3 

SWLS Mignedc FieM CTHla) 

Figure 4: The measured tune shifts of SWLS. 

Top-up Injection Mode 
Top-up injection scheme is an attractive operation mode 

demonstrated by the APS and SLS, and NSRRC plans to 
adopt this operation mode in the near future. Major 
benefits with top-up mode are less thermal gradient in the 
accelerator components and photon beam line mirrors, 
more reduction of the insertion magnetic gap, and 
allowing smaller emittance lattice operations, etc. 
Lifetime issue will be of less concern after all. We have 
proved that the top-up injection is executable with the 
field scans of insertion devices while keeping the orbit 
locked with the orbit feedback system (see Figure 5). 
Major concern of the top-up mode is the injection loss 
budget, i.e., the control of the radiation dosage level with 
the heavy-metal shutter opened in the photon beam lines. 

Studies of the injector reliability and injection efficiency 
are ongoing. 

D«e; Dtc. 31,2003 TofH^ mode Tett 

1   201 

■Mftdnacn&ndtotfwiltfaitltSOBi 
IftduawUlOHzM   " 

jUaBPM3Y(ndliiie) 

W4BPMSX(blueIi») 

N StORw bem comnt 

"30      1140     1150     iiM     Tiro     liso     liso     IMJ' 

Figure 5: Top-up mode test with SWLS. 

A photon beam stability indicator in one of the 
diagnosis beam line LSGM branch is used to study the 
beam stability during gap and phase scans. AI/I is a 
number of photocurrent change ratio of a wire in 256 
seconds [6]. Beam current decay ratio is subtracted off. 
Cases with and without turning on SWLS are shown in 
Table 2. 

Table 2: Beam quality of the lattice with and w/o SWLS 
for top-up mode operation. 

ID Gap (Unit: mm) AI/I % (LSGM) 

Status U5/U9/EPU5.6 w/o SWLS SWLS 
Fixed Gaps 20/20/20 0.064 0.071 

U5 Scan (20-40)/20/20 0.075 0.076 

U9 Scan 20/(20-40)/20 0.162 0.165 

EPU5.6 Scan 20/20/(20-40) 0.653 2.207 

CONCLUSION 
Five insertion devices have been successfully installed 

in the 1.5 GeV storage ring TLS at NSRRC and provide 
versatile light sources for the users. Routine operations 
with top-up injection mode, in which ID field can be 
scanned during injection, have been successfully tested. 
The beam orbit is kept within micron level and photon 
beam stability is excellent during ID field scan. Four 
superconducting multipole wigglers are planned to put 
into the TLS and the beam dynamics effects are studied. 
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MAGNETIC FIELD MEASUREMENT ON SUPERCONDUCTING 
MULTIPOLE WIGGLER WITH NARROW DUCT 

T.C. Fan, F.Y. Lin, M.H. Huang, C.H. Chang, C.S. Hwang, NSRRC, Taiwan 

Abstract 
The first superconducting multipole wiggler with 

period length of 6.0 cm (SMPW6) of the National 
Synchrotron Radiation Research Center (NSRRC) is 
currently under construction. SMPW6 will be tested and 
installed at the RF cavity section of storage ring by the 
autumn of 2003. For quality control, the magnetic field 
is checked at three main phases according to the 
assembly process. To operate the field measurement in a 
narrow duct and at different temperature of duct at 
different phases, three small-gap measurement systems 
were specially designed. Not only the centerline field 
can be measured point-by-point but also the multi-pole 
field can be mapped. All the measurement systems have 
been carefully tested. The consideration of the 
measurement systems and preliminary measurement are 
shown in this paper. 

INTRODUCTION 
For a medium energy synchrotron radiation facility 

like NSRRC, the demand of x-ray has been increasing. 
After all the straight sections for insertion devices of 
storage ring have been occupied, NSRRC explores any 
possibilities to provide hard x-ray to users. NSRRC has 
made a superconducting wavelength shifter (SWLS), 
with operation field of 6T, and tested it in even the 
injection section [1]. Next, in the residual space of the 
superconducting RF (SRF) cavity straight-sections, a 
superconducting multipole wiggler (SMPW6) will be 
installed (see Fig. 1)[2]. At this residual space of only 
140.56 cm for SMPW6, 28 effective poles (32 total 
poles) with the periodic length of 6.0 cm will be created 
and a 3.2 T field will be excited. The SMPW6 is a 
cooperative project with Wang NMR Inc., US. To 
control the quality carefully, the magnetic field is to be 
checked at three main phases according to the assembly 
process. 

The SMPW6 is designed to operate in liquid helium. 
To reduce the heat load of the 4.2 K cold mass, a 
thermal-shielding elliptic beam-duct of 1 mm thick with 
77K interception, and a vacuum barrier of 1 mm thick as 
thermal barrier are employed. As a result, the 12 mm 
cold beam gap and a cold iron pole separation of 18 mm 
are required. For final acceptance test, an extensive field 
measurement is affordable if operating at room 
temperature. Thus an additional flat warm duct is 
provided. The allowed vertical inner space is only 5.9 
mm. Because of the variant measurement conditions at 
different phases, in terms of limited space and space 
temperature, three small-gap measurement systems were 
specially designed. Other than centerline field, the 
multi-pole field can be mapped as well. 

Figure 1: Schematic drawmg of SMPW6. 

At the first phase, a 5-pole prototype is tested at 
NSRRC. The newly built cryogenic plant will not be 
functional until the end of 2003 (actually the SWLS is 
cryogen-free and conduction-cooled by a 1.5-Watt 
GM-type cryo-cooler.). Therefore, the magnet is tested 
in a test tank cooled by a cryo-cooler. To operate under 
small heat-load budget, a measurement system featuring 
small-diameter pipe was proposed to provide a 
convenient room-temperature measurement. At this 
phase, the measurement is called project A. 

While going to the second phase, all the magnetic 
poles have been fabricated and assembled. Before the 
magnet was enclosed into the cryostat, all the problems 
related to the magnet itself have to be clarified. The 
magnet is immersed in a dewar and a Hall probe capable 
of operating at liquid helium can be scanned in an easy 
rail. The measurement at this stage is named Project B. 

At final phase, the magnet is assembled into a cryostat 
as a whole and an acceptance test begins. An extensive 
measurement is essential to characterize the magnetic 
performance for beam dynamics and spectrum output. A 
wide fiat duct at room temperature is preferred. 
However wide duct corresponds to a big heat load. 
Project C covers the final measurement. 

0-7803-7738-9/03/$17.00 © 2003 IEEE 
1047 



Proceedings of the 2003 Particle Accelerator Conference 

MEASUREMENT SYSTEMS 
Two categories of measurement system, namely Hall 
probe and stretched wire, are adopted in SMPW6 
certification. The former presents different 
transportation method at each of three phases. 

Project A 
A tailored stage equipped a narrow cylinder tube 

(referred to as endo-chamber) provides low heat-leak as 
well as room-temperature space for measurement 
sensors. The magnet is mounted in a test chamber, then 
vacuumed barrier and cooled to 4.5K. A flat 
epi-chamber connected to 70K interception to further 
reduce the heat load. Utilizing the endo-chamber, one 
can shuttle the Hall probe by a long strike x-y stage or 
rotate the long loop of stretched wire to measure the 
point field or integral field. Fig. 2 shows a cartoon of 
Project A. 

With the mounted bellow and small x-y stage, one can 
level the endo-chamber and move it horizontally to scan 
the field. As the bellow will absorb the tremendous 
atmosphere pressure, the small x-y stage must be 
fastened well and the distortion of endo-chamber is to be 
cautious. The sag of endo-chamber owing to gravity 
needs suitable pads to compensate. 

Test chamber      Flange, gasket and 
I    . 0-rina sealed 0-ring sealed 

Endo-chamber 

Magnet 

Bellow 

X-y stage Large x-y stage 

-^         ■;  -  :' .n i;;: 10x55 mm 
0-«- - - ♦     Endo-cha mber: ^ 7.5 mm 

!-:. ! :.■ ; •■: (|) 7.4 mm 

Figure 2: A cartoon of the measurement system Project 
A. Endo-chamber can move horizontally within the 
epi-chamber with the help of bellow. Large x-y stage can 
shuttle the Hall probe along the endo-chamber to map 
the field. 

Project B 
The easiest way to map the field of the 

superconducting magnet is to immerse the magnet in 
liquid helium of dewar and then move a erogenic Hall 
probe vertically to measure the field point-by-point. To 
confine the probe without transverse position error, a 
precise rail structure guiding the probe is equipped. A 
stepping motor and screw bolt provide a precise 
longitudinal movement. In project B, a Lake Shore 
probe MCA-3160-WN, featuring wide operating 
temperature range (1.5K to 350K), is used. To travel into 
a high dewar, a 60" stem is chosen. A set of 3 parallel 

rails provide the hall probe the field mapping along 
x=-20, 0 and =20 mm, so as to check the roll-off and 
quadrupole component. To reduce the boiling-off of the 
liquid helium, a transfer rail set made of FRP and 
radiation shielding on top of the magnet are equipped. 
The vertical configuration avoids the sag of horizontal 
hall stem. Due to low temperature, the rail bending and 
reduction of tolerance of space between probe head and 
rail have to be taken care. Fig. 3 shows the project B 
system under assembling and testing. 

Figure 3: The measurement system Project B under 
assembly (left photo) and merged into dewar and core 
magnet (right drawing). 

The preliminary measured field in vertical dewar was 
shovra in Fig. 4 and 5. The measured field on-axis 
shows that the second field integral is quite good 
without any correction. 
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Figure 4: Magnetic field measured in Project B. 
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Figure 5: The centerline trajectory calculated from the 
second integral field of Project B. 

Project C 
The magnetic field measurement system is operated at 

room temperature at the final phase. A flat warm duct 
with a space of 50 mm width while 5.9 mm high is 
required. In such a narrow vertical space, the position of 
the Hall probe on the end of a thin stem is not predicable, 
due to the sag and the Mction with the duct. Instead, a 
Hall probe is assembled on a taut strip of FRP tensioned 
by a strong bow of I-beam. The I-beam is rested on an 
x-y stage to map the periodical field profile 
point-by-point. The bow beam with I shape can facilitate 
the weight balance and alignment. With the help of a 
strong back, the moving track of the x-y stage achieves 
the lowest deformation. The FRP strip instead of metal 
one can support the on-the-fly measurement without 
worry of eddy current. Fig. 6 and 7 show the 
configuration of the Hall probe system in Project C. 

I beam 

strong back 

Figure   6:   A   cartoon   of  the   I-beam   hall   probe 
measurement system used in Project C. 

On the other hand, to fulfill the extensive 
measurement, the horizontal space is wide. Wide duct 
means big heat leak. Cryo-cooler cannot afford such 

heat load and a large consumption of liquid helium is 
expected. Meanwhile a big temperature gradient 
occurred during test. A small air injection system and a 
Senstron YM12-4 probe with well-defined temperature 
coefficient are used to control the temperature range and 
calculate the correction value. Moreover, the water 
vapor will quickly condense and freeze on the inner 
surface of duct and shrink the space. Frequent clearance 
of ice is necessary during the measurement. In 
addition, the drift due to the bending of signal line 
during stage movement is well calibrated. The final 
reproducibility is within ± 2 Gauss. 

Figure 7: I-beam system under testing. 

The stretched-wire technique is also used to measure 
the mulipole components of 1st and 2nd integral field 
directly with horizontal range of+20 mm (see Fig. 8). 

Figure 8: A stretched wire measurement system under 
test for Project C. 

CONCLUSION 
The strategy of the measurement system for SMPW6 

at different phases was reported. A solution of small-gap 
measurement on low- temperature magnet appeared 
feasible. From the preliminary measurement, the 
SMPW6 has good magnetic performance in terms of 
beam dynamics. 

REFERENCES 
[I] C. S. Hwang, et ah, IEEE Trans. Appl. Supercond., 

vol. 12, no. 1,686(2002). 
[2] C. S. Hwang, et al, will be published in IEEE Trans. 
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COMMISSIONING OF TWO NEW INSERTION DEVICES AT ELETTRA 

D. Zangrando, L.Tosi, B. Diviacco, S. Di Mitri, C. Knapic 

Sincrotrone Trieste, Trieste, Italy 

Abstract 
Two new insertion devices have recently been installed in 
the ELETTRA storage ring: a 3.5 Tesla superconducting 
multipole wiggler and a Figure-8 permanent magnet 
undulator. The first is the radiation source for a future X- 
ray diffraction beamline, while the second is designed to 
generate photons in the 5-11 eV range for inelastic UV 
scattering experiments. The impact of these devices on 
the electron beam dynamics was already studied at the 
design stage [1]. In this paper initial commissioning 
results are presented and discussed, including the 
measured effects on the closed orbit and tune. 

SUPERCONDUCTING WIGGLER 
The superconducting multipole wiggler (SCW) 

fabricated at Budker Institute of Nuclear Physics, BINP 
(Novosibirk, Russia) was successfully tested in presence 
of Sincrotrone Trieste personnel in August 2002. After 
being disassembled and delivered to ELETTRA, it was 
reassembled and tested again to confirm the performance 
measured at Novosibirsk. In November 2002 it was 
installed (see fig. 1) and the commissioning started. 

The main parameters of the wiggler are listed in table 
1. It is equipped with a special cold copper liner (20 K) to 
reduce the heat flux generated by the electron beam; more 
details about this device can be found in [2]. 

Table 1: Main parameters of wiggler. 
Maximum field on beam axis (T) 3.5 
Pole gap (mm) 16.5 
Period length (mm) 64 
Internal liner gap (mm) 10.7 
Critical photon energy at 2 GeV (keV) 9.3 
Total radiated power at 2 GeV, 100 mA (kW) 4.6 

Figure 1: The SCW installed in the storage ring. 

0-7803-7738-9/03/$I7.00 © 2003 IEEE 

The magnet can be operated both in power mode (with 
the power supplies connected) and in persistent mode 
(power supplies disconnected). The minimum tested 
ramping up time from 0 to 3.5 T is about 300 seconds. 
The ramping dovra time with (without) field integral 
control is about 460 (300) seconds. 

The liquid Helium (LHe) consumption measured at 
3.5 T was 0.9 (0.5) 1/h in power (persistent) mode. With 
the electron beam the LHe consumption increases by a 
large factor: at 2 (2.4) GeV with 300 (140) mA we 
measured a LHe consumption of 5 (1) 1/h. In order to 
overcome this anomalous consumption, which is believed 
to be due to the beam interaction with the liner slots [3], 
the liner itself will be removed next November and 
replaced with a modified version. 

The SCW as initially installed in the storage ring had a 
vertical misaligimient of about 2 mm, caused by an extra 
force of about 7000 kN on the magnet vessel created after 
pumping the insulating chamber, which had not been 
taken into account at the design stage. The closed orbit 
distortion at 2 GeV before and after the realignment is 
shovra in fig. 2. The horizontal distortion will be further 
reduced by recalibrating the current table [2]. With the 
SCW set in persistent mode at 3.5 T we measured a 
maximum horizontal beam (angle) position variation of 20 
Hm (1 urad) and 2 |im and 5 ^rad in the vertical plane in 
an hour of operation. These values also include the 
machine's thermal drift. 

' 1,5 2 2.5 

Magnetic Field fT] 

Figure 2: Closed orbit distortion (RMS) as a function of 
the magnetic field (dotted line are measured with a 
vertical misalignment of 2 mm). 
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Figure 3: Measured and theoretical vertical tune shift as a 
function of magnetic field at 2 GeV. 

Figure 3 shows the good agreement between the 
theoretical and measured vertical tune shifts as a function 
of the magnetic field at 2.0 GeV. In the horizontal plane 
the tune shift is only 0.003 at 3.5 T, as expected. 

Dynamic aperture and lifetime variation could not be 
measured at this stage, but will be measured before the 
replacement of the liner. 

FIGURE-8 UNDULATOR 

Linear effects 
A twin Figure-8 imdulator has recently been 

constructed and installed in the storage ring. Details on its 
design and characteristics can be found in [4,5]. 
Following assembly, the magnetic field properties were 
measured and found in good agreement with the design 
parameters. Table 2 shows the measured peak field 
intensity, optical phase error and residual normal and 
skew quadrupole for three representative gaps (average 
values of the two undulator modules). The small phase 
error implies that the spectral intensity will be close to the 
theoretical limit, and the low quadrupole content shows 
that no significant perturbation to the linear beam 
dynamics will be introduced. 

The most important parameter governing the 
interaction with the electron beam is therefore the field 
roll-off, which determines the undulator focussing 
potential. The measured transverse field variation was 
found to be in excellent agreement with that predicted by 
3D field calculations, as can be seen in figure 4. 

Table 2: Main measured magnetic field parameters. 

Gap 
(mm) 

Bxo 
(T) 

Byo 
(T) 0 

QN(G) Qs(G) 

19 
30 
50 

0.14 
0.13 
0.12 

0.75 
0.56 
0.33 

1.5 
1.5 
1.7 

-11 
3 
0 

26 
11 

-23 

-35   -30   -15   -10 -5      0       5 
X (mm) 
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Figure 4: Measured (dots) and computed (solid line) 
transverse field distributions at minimum gap. 

Based on the above results, we expect the undulator to 
behave as an ideal device. This is demonstrated in figure 
5, where the measured tune shift is compared with that 
predicted from the ideal magnetic field. The effect is 
fairly small, and of the same order of that of the other 
conventional   undulators   in   operation   at   ELETTRA. 

0.010 1 
• 

 1   1—'— 1 
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0.008 X 
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0.004 
Of 

0.002 _ 
\« 
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0.000 
• 

• ■— . 

-0.002 \^ _m^ ^«x - 

-0.004 
C )               20 40 60 80 10 

gap (mm) 

Figure 5: Measured (dots) and computed (lines) tune 
shifts as a function of the gap for one undulator segment 
at 2 GeV (black=horizontal plane, red=vertical). 

Non linear effects 
Due to the temporary absence of scrapers in the 

machine, it was riot possible to confirm the dynamic 
aperture studies which had been carried out prior to the 
construction of the devices [1]. In order to study non- 
hnear effects, phase space measurements have been 
performed at 2.0 GeV with the Figure-8 undulator set to 
minimum gap. Turn by turn data was acquired with the 
transverse multibunch feedback system [6] which uses 
only one beam position monitor. While the horizontal 
motion was excited using the injection kickers, the 
vertical one was induced with the vertical kicker of the 
system in antidamping mode. The method used to extract 
the conjugate momenta fi-om the data is the one proposed 
in ref. [7], in which a Hilbert transformation is performed 
on the beam positions. This transformation introduces a 
90° phase rotation in the data, allowing the representation 
of the motion in the two conjugate variables: 

x = (p-J)"^cos((t))    aad    p, = (p-J)"^sin((|)). 
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A characteristic of non-linearities is the decoherence 
of particles within a bimch which results in the damping 
of the centre of mass motion with a rate proportional to 
the strength of the non-linearities [8]. In phase space this 
is reflected as a collapse of the bunch centre of mass 
towards the origin [9]. Fig. 6 and 7 show comparisons of 
the vertical phase spaces when the device is open and 
when it is closed for two different values of the vertical 
tune (8.20 and 8.25). As the tune satisfies a resonance 
condition, branches which spiral towards the centre 
appear. In both measurements it can be clearly seen that 
the collapse in the phase spaces occurs more rapidly in 
the case in which the undulator is closed. Fig. 8 shows the 
comparison of the horizontal phase spaces for a horizontal 
tune of 14.250. Whereas the branches are clearly seen 
when the device is closed, those when it is open are 
hidden by the longer time required to collapse and the 
number of turns. The number of tums required to collapse 
with the device closed have been found to be 0.67 
(horizontally) and 0.5 (vertically) times of those when it 
is open. 

100 

_    50 

— 0 
X 

.•«^ir»*r*—».. "***, 

Figure 6: Comparison of the vertical phase spaces with 
the undulator open (top) and closed (bottom) with Ov = 
8.20. ^ 

50 

~    0 
X 

I«5 4 •^(1-^^ l«#*.»« 

Figure 8: Comparison of the horizontal phase spaces with 
the undulator open (top) and closed (bottom) with 
Qx=14.25. 

Theoretical computations of the amplitude dependent 
tune shift coefficients as well as the chromaticities with 
the distorted optics due to the undulator revealed a too 
small variation to explain the difference in the collapse 
rate. Thus, the intrinsic non-linearities of the device may 
be the cause. 
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CAMD LOW BETA CONFIGURATION FOR THE 7 TESLA WIGGLER 

M.Fedurin^, B.Craft*^, GVignola, CAMD LSU, Baton Rouge, LA 70806, USA 

Abstract 
The photon beam from 7 Tesla wavelength shifter 

wiggler is available since April, 2002 for Protein 
Crystallography beamline of CAMD storage ring, 
operating at 1.3GeV. To improve the property of the 
photon beam from the wiggler, a low beta function 
configuration in the wiggler straight section has been 
developed. Different electron beam optics configurations 
for wiggler operations are described. Response matrix 
analysis and tune derivatives tools were applied for low 
beta configuration studies. 

7 TESLA WIGGLER COMMISSIONING 
The CAMD storage ring magnetic lattice is a 4 period 

Chasman-Green type: the optical functions are shown in 
Figure 1. The electron beam is accumulated from a Linac 
at 180 MeV and then accelerated at 1.3 GeV, which is the 
normal operating energy, even tough the ring can reach 
1.5 GeV. The 7 Tesla wiggler [1] was installed in a zero 
dispersion straight in September 1998. A magnetic field 
of 6.5 Tesla was achieved at that time, but at an operating 
energy of 1.5 GeV. The wiggler field was ramped from 
zero to the required level of 7 TESLA at top energy. The 
focusing effect of the wiggler was compensated with 2 
famiUes of q-pole (QF & QD) by keeping the betatron 
tunes constant. Later on, the currents of the 4 q-poles in 
the wiggler straight section (QFW & QDW) were shunted 
to measure the wiggler perturbation on the optics and to 
correct the betatron tunes. Due to the current limitation in 
the shimts, the optics perturbation was fully compensated 
up to 5 Tesla. The field level of 7 Tesla was empirically 
reached in winter 2002, by using the 4 families of q-poles 
to correct the tunes. 

Table 1: Wiggler normalized gradients, in vertical and 
horizontal planes, at various magnetic field. 

Magnetic 
field (Tesla) 

Wiggler focusing 

Ky (m-2) Kx (m-2) 

2 0.0071 0.0087 

3 0.0104 0.0211 

4 0.0316 0.0211 

5 0.064 0.0146 

6 0.110 -0.0035 

7 0.169 -0.030 

fedurin@lsu.edu 
"Deceased 
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Figure 1 Standard optical functions for half ring. Solid 
and dashed lines are the horizontal and vertical beta 
fimctions respectively, while the points represent the 
dispersion function. All the scales are in meters. 

This achievement allowed to evaluate the wiggler 
normalized gradients (Ky and Kx) by using tune response 
matrix analysis. Ky and Kx are listed in Table 1, while the 
perturbed optical functions are shown in Figure 2. 

CAMD • 1.3 GeV ■ WTGElEii    i /   Tfal ft 

30 

30 - 

■A /' V 
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Figure 2 Optical functions for half ring with the focusing 
effect of the wiggler uncorrected. Black spot in the right 
is the wiggler location. 
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Figure 3 Shunted configuration. Vertical beta function 
increases in the wiggler straight 

OPTICS MATCHING 
There are 3 ways to compensate the optical functions 

perturbed by the wiggler, by keeping the same betatron 
tunes: 

• The currents of QFW and QDW, in the wiggler 
straight section, are shunted (decreased) [2]: the 
vertical beta function increase in the wiggler straight 
section ( see Figure 3); 

• Low beta configuration in the wiggler straight 
section (see Figure 4). In this case it is necessary to 
substantially increase the currents of QFW & QDW. 

• Low beta configuration in the wiggler straight 
section with non-zero dispersion in the straights (see 
Figure 5). 

In order to satisfy the wiggler synchrotron light users 
request all these solutions were implemented and 
commissioned. We summarize in the following the main 
results of the commissioning. 

CAMC • 1.3 feV - U;EOLER 1 7 TESl A 

:-3::iSii 
0 'J 10 15 20 

Figure 4. Low beta with zero tj-function 

/ V 

r yy 
I- ."'-C-J-rt>—-;^BC1JV^'1-3^ 

lu 

Figure 5. Low beta configuration with non zero ij- 
fiinction. No wiggler field in this plot 

LOW BETA STUDIES 
The wiggler commissioning was based on the adoption 

of an experimental model of CAMD storage ring, w^ich 
reproduces pretty well the variation of the betatron tunes 
as function of the q-pole strengths, and on the use of the 
response matrix analysis technique [2] in the vertical 
plane. In CAMD the vertical trims are integrated in the 
defocusing (QD) and achromatic(QA) quadrupoles, while 
the BPM (20) are located near each quadrupole around 
the ring. Figure 6 and Figure 7 show the BPM signal 
versus trims kick for the 4-fold Chasman-Green standard 
lattice as given by the model and as measured. Let us 
point out that what is important, when one compares 
Figure 6 and Figure 7 is the relative shape of the BPM 
signal and not the absolute value. 

The BPM are organized in families with the same 
amplitude as predicted by the model. To make the 
wiggler commissioning easier we measured also the tune 
response matrix and built the "beta-knob". This means 
varying four variables (the strength of QF, QD, QFW, 
QDW) and keeping the vertical and horizontal betatron 

Figure 6 Theoretical response matrix for the standard 
lattice. 20 PUE reading organized in coloured 8 trims 
families 
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Figure 7 Measured response matrix for the standard 
lattice 

tunes constant. Under the condition of constant tunes 
we have 2 free variables that we use to find the best 
match between theoretical and experimental response 
matrix. 

Low beta with zero dispersion function. 
This configuration was commissioned up to 7 Tesla, 

with good shape of beta functions. The beam lifetime 
was 20 hrs at 6 Tesla and dropped to 6 hrs at 7 Tesla. 

Due to the poor beam lifetime at 7 Tesla we decided to 
investigate the next solution with non zero dispersion. 

Low beta with non zero dispersion function. 
The configuration with dispersion in "dispersion free" 

straight sections was implemented (Figure 5). In this 
configuration the beam equilibrium emittance is a factor 2 
lower than the emittance in the standard configuration, 
therefore the beam emittance grow due to the wiggler is 
compensated by this emittance reduction. 

Figure 8 show the theoretical response matrix while in 
Figure 9 and Figure 10 the measured response matrix are 
plotted. 

This configuration, with the wiggler field at 7 Tesla, is 
routinely in operation with a beam lifetime of 30 hrs at 

70 mA of stored current. 

11 il   I   [   I 

Figure 9. Measured response matrix of non zero 
dispersion function low beta configuration without 
wiggler. 

This configuration still need a refinement of the wiggler 
model which takes in account the dispersive part and a 
measurement of the beam emittance. 

CONCLUSION 
A low-beta optics configuration has been designed and 

implemented at CAMD to routinely operate a 7 Tesla 
wiggler at 1.3 GeV. 

The commissioning has been carried out by the 
technique of vertical response matrix analysis together 
with tunes measurement ("beta-knob") 

REFERENCES 
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Figure  8.   Theoretical  response  matrix  of non  zero 
dispersion fimction low beta configuration. 

Figure 10 Measured response matrix of non zero 
dispersion function low beta configuration with the 
wiggler at 7 Tesla. 
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PERIOD LENGTH OPTIMIZATION FOR THE LNLS UNDULATOR 

X.R. Resende*, LNLS, Campinas, SP 13083-970, Brazil 

Abstract 

The aim of the present work is to find the optimum 
magnetic period length for the LNLS elliptically polariz- 
ing undulator (EPU). An objective function for the radia- 
tion which takes into consideration both intensity and po- 
larization over the energy range desired by LNLS users is 
proposed and used in the optimization calculation. Results 
of such calculation are presented and discussed after a re- 
view of EPUs and their radiation characteristics. 

ELLIPTICALLY POLARIZING 
UNDULATORS 

APPLE-II Undulator 

Planar undulators can only produce on-axis vertical 
fields that accelerate electrons that in turn radiate light with 
fixed Unear polarization. If a variably and/or elliptically- 
polarized radiation is sought then the simple design of two 
parallel Halbach cassettes has to be abandoned. Many de- 
signs have been proposed in order to realize elliptical fields. 
A particularly optimized undulator that presents horizon- 
tal field with high amplitude was proposed by S.Sasaki[l]. 
Sasaki devised an EPU, named APPLE-II in the litera- 
ture, which is composed of four parallel Halbach cassettes, 
one in each of the four quadrants in the transverse x - z 
plane. Sasaki's undulator can be thought of as a combina- 

/EssEBEm^. 
*-/-/-/-/*-/-/-/     H 

A/-AAAA/- 

Figure 1: APPLE-2 undulator with its four Halbach cas- 
settes. Diagonally opposed cassettes are fixed relative to 
each other but move longitudinally with respect to the other 
two cassettes. In the picttire, the undulator is shown in the 
phase (j) = 7r/2 

tion of two other undulators, each made of two diagonally- 
opposed cassettes. These two undulators create on-axis 
fields with the same profile, both the horizontal and vertical 
components. But while the vertical field components from 
the undulators are in phase, the horizontal field components 

* ximenes@lnls.br 

0-7803-7738-9/03/$17.00 © 2003 IEEE 

are 180-degree out of phase. In this way, by shifting lon- 
gitudinally the undulators with respect to each other, it is 
possible to create elliptical magnetic fields[l]: 

(g/X) cos (j) sin qy = B^o sin qy, 

(g/X) sin (j) cos qy = B^o cos qy, 
(1) 

where 4> = nSl/X and q = 2-K/X. The shift between cas- 
settes 51 is relative to an undulator configuration in which 
the vertical field is zero. By symmetry the longitudinal 
component By vanishes for a period undulator. The maxi- 
mum amplitudes 5^°^ and 5f °^ of the field components 
depend on undulator parameters: gap g between upper 
and lower cassettes, period length A, tt'ansverse dimensions 
and remanent field of the permanent magnets (PMs). The 
plot in Fig.[2] shows this dependence on the magnetic gap. 
Note from the plot that, since the ratio ^ma^/^mox ^^g^ 
witii g/X, whenever the gap is changed in order to tune the 
energy peaks of radiation, the relative cassette phase 4> has 
to be adjusted as well, if a specific field ellipticity is to be 
kept. 

Figure 2: Vertical and Horizontal maximum field ampli- 
tudes as a function of the gap for an APPLE-II undulator 
with A = 50 mm. Permanent magnets have transversal di- 
mensions W = 40 mm, H = 40 mm and remanent mag- 
netization Br = 1.2T. Separation between front and back 
cassettes is 1 mm. 

UNDULATOR RADIATION OF A ZERO 
EMITTANCE E-BEAM 

As electrons traverse the undulator they experience the 
magnetic field of Eq.[l] and, for an arbitrary EPU phase <}>, 
they start moving in a helical ti-ajectory. The equations of 
motion can be expanded in the parameter I/7 and solved 
analytically up to second order. Such calculated tt-ajectory 
can then be used to evaluate the radiation characteristics 
of the EPU[2]. In the Radiation Regime, the photon flux 
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expression is given by 

f = ""=",^1:   (TTi75)"»»MIM'. (2, 

This flux is proportional to both the number of undula- 
tor periods Np and the e-beam energy 7 squared. This, 
holds true because the approximative assumption of small 
solid angle flo for the observation window was used 
(^07^ <C TT). In the expression for the flux, no = 
{I/e)af{Auj/u))Qo is a quantity with dimension of par- 
ticle flux that is proportional do the electron flux, fine- 
structure constant, frequency integration window and solid 
angle of the observation window. The complex vector 
Ffc == sincpoiJn - Jp)i'i^) + cos(j>o{Jn + Jp)^ contains 
contributions from both horizontal and vertical oscillat- 
ing electrical field components. J„ = J(k-i)/2{i^) ai^d 
Jp = J{k+i)/2{u) are integer-order bessel functions of the 
first kind evaluated at u = kK^ cos 2(^o/(4 -l- 2K'^), where 
K is the undulator parameter. For an arbitrary EPU phase, 
cos^ 00 = BIQ/{BIQ +BZO) is neither zero nor one and the 
two contributions for Ffc lead to elliptically polarized radi- 
ation on axis. When the EPU cassette phase is set in a way 
that the amplitudes B^o and B^o of horizontal and vertical 
field components are equal, the argument u of the bessel 
functions vanishes and only the first harmonic k = 1 con- 
tributes to the radiation. All higher harmonics are absent 
when the EPU operates with circularly polarized light. 

The complex vector F^ can be expanded in any vector 
basis. In particular, using the basis >/2e+ = x + iz and 
e_ = e;!j., it is possible to decompose the expression |Ffc|^ 
in Eq.[2] into right-handed and left-handed circularly po- 
larized radiation contributions, dN'^/dt and dN~ /dt re- 
spectively. For magnetic dichroism experiments, where 
pure circularly polarized light is needed, a figure of merit 
can be defined as the normalized different between left 
and right circularly polarized radiation components: pk = 
{dN+/dt-dN-/dt)/{dN+/dt + dN-/dt). This expres- 
sion can be explicidy evaluated from Ffc: 

Pk = 
sm2MJn-Jl) 

sin^ (poiJn - JpY + cos2 00(J„ + JpY 

OBJECTIVE FUNCTION 

(3) 

There are two polarization cases of radiation that users 
may be interested in: horizontal and circular. These two 
cases can be realized with the EPU that is going to be 
built at LNLS by setting its phase 0 appropriately. Energy 
ranges which can be covered with radiation harmonics de- 
pend on the choice of period length A. For each energy 
and polarization state there is a unique A that maximizes 
photon flux. Moreover, users of the undulator radiation are 
interested in a broad energy range, from absorption lines 
of elements Carbon (286 eV), Nitrogen (400 eV) and Oxy- 
gen (525 eV) (linear light polarization) to L-edge transi- 
tions in metals like Manganese (~ 640 eV), Iron (~ 710 

Energy [eV] 

Figure 3: Weighting functions for horizontally (dash lines) 
and for circularly (solid lines) polarized light cases. 

eV), Cobalt (~ 780 eV) and Nickel (~ 860 eV), for cir- 
cular magnetic dichroism experiments. As a consequence, 
the choice of period length is not obvious and a compro- 
mise between radiation output for different energies has to 
be achieved. The most generic method that can take into 
account this compromise is one in which a weighting num- 
ber is assigned to each energy-polarization state. An ob- 
jective function then is defined as the summation of the ra- 
diation flux at each energy multiplied by its corresponding 
weighting number. The optimized period length comes out 
of maximizing this function. 

F{\) = jde UvH{e)^ + Wc{e) 
dNc\ 

dt  J 
(4) 

It is important to realize that the condition of 100% cir- 
cularly polarized light for higher energies can not be at- 
tained since the first order harmonic is the only term that 
exists. In order to cover the L-edge transition lines of met- 
als the ideal unit polarization ratio has to be abandoned and 
elliptically polarized light from the third and fifth harmon- 
ics has to be used instead. This consideration implies that, 
for the case of circular radiation, the quantity that enters 
the objective function has to deal with the compromise be- 
tween polarization ratio and photon flux. For such quantity 
the product of the flux and the polarization ratio can be cho- 
sen, as it appears in Eq.[4]. The weighting functions picked 
for both polarization cases are plotted in Fig. [3]. 

OPTIMIZATION OF OBJECTIVE 
FUNCTION 

The algorithm for evaluating the integral in Eq.[4] con- 
sists in calculating maximum flux for each of the two po- 
larization cases, over all energies, for A values. The calcu- 
lation for the horizontal case is simple: for a given A and 
energy e, check for which harmonic bands this energy lies 
within its limits, calculate the photon flux for those bands, 
pick the one with higher value and add its contribution to 
the integral over energy. The case of elliptically polarized 
radiation is more elaborate because for each A and photon 
energy the optimum EPU cassette phase that maximizes the 
figure if merit has to be calculated. Given A and e, the opti- 
mum phase is calculated for each harmonic. The figure of 
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merit for each band is evaluated and the biggest one is cho- 
sen and used in Eq.[4]. Table[l] lists all parameters used in 

Table 1: Parameters used in the calculation for the period 
length optimization 

EPU PM wid* W = 40mm 
PM height H = 40mm 
Min. gap Qmin = 23 mm 
Length L = 2900 mm 
PM magnetization Br = l-2Tesla 

E-beam Energy E=1.37GeV 
Emittance e = 0 

Observation Opening angle 9 = 0.2mrad 
Window 

the optimization just described and Fig. [4] shows the result 
of the optimization calculation. The contributions from the 
horizontal and circular cases to the objective function are 
plotted separately, as well as the objective function itself. 
The optimum period length for the undulator tumed out to 
be 48 mm. Fig. [5] shows the flux for the horizontally po- 

X,[mm] 

Figure 4: Weighting functions for horizontally (dashed 
lines) and for circularly (soUd lines) polarized light cases. 

larized radiation case with optimum A. Three bands corre- 
sponding to the first, third and fifth harmonics can be iden- 
tifies in the plot. Since the vertical magnetic field for the 
minimum undulator gap is such that K > 2, there are no 
gaps between the bands.   In Fig. [61 the on-axis radiation 

Energy [eV] 

Figure 5: The three vertical dash lines correspond to tran- 
sition energies of Carbon (286 eV), Nitrogen (400 eV) and 
Oxygen (525 eV). 

flux and polarization ratio are plotted as functions of pho- 
ton energy for the elliptical case. For energies covered by 
the first harmonic it is apparent from the plot that the po- 
larization ratio is one and therefore the radiation is 100% 

Energy [cV] 

Figure 6: The solid curve is the radiation flux and the dash 
curve is the polarization ratio. Vertical lines correspond, in 
energy order respectively, to transitions in metals: Mn, Fe, 
Co, Ni. 

circularly polarized. This is shown in the plot for energies 
above 183 eV. Energies below this value can not be attained 
with perfectly circular polarization because the maximum 
K value with minimum gap is not high enough. As for 
the third and fifth harmonic bands, the undulator phase that 
maximizes the figure of merit does not correspond to a cir- 
cular polarization state and it is energy-dependent over the 
whole energy interval of the bands. 

FINAL REMARKS AND 
ACKNOWLEDGEMENTS 

We have optimized the undulator period length by max- 
imizing an objective function that takes into account the 
energy range and the polarization states of radiation that 
are relevant for the beamline users. The optimum value 
was 48mm. It was assumed that the solid angle related to 
the observation window is much smaller than the opening 
angle of the radiation. This assumption overestimates the 
photon flux, specially for higher harmonics and higher en- 
ergies. A proper convolution integral of the radiation over 
the observation window has to be implemented for a more 
accurate calculation of the photon flux. On the same foot- 
ing the beam emittance of the storage ring should be con- 
sidered. The lower energy limits of the harmonic bands 
are expressed in terms of the maximum field amplitudes 
for minimum undulator gap. In this work the field ampli- 
tudes were calculated assuming a unit permeability for the 
permanent magnet blocks. For typical NdFeB magnets this 
permeability is slight above one. Demagnetization effects 
can lead to somewhat smaller field amplitudes and conse- 
quently they can change the lower limits of the harmonic 
bands. Finally I would like to thank Pedro F. Tavares, G. 
Tosin and A.R.B. de Castro for fruitful discussions on the 
subject of e-beam dynamics and radiation characteristics of 
undulators. 
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STUDIES ON SEXTUPOLE COMPONENTS GENERATED BY EDDY 
CURRENTS IN THE RAPID CYCLING MEDICAL SYNCHROTRON * 

J. Cardona, Dan T. Abell, S. Peggs, BNL, Upton, NY , USA 

Abstract 

The Rapid Cycling Medical Synchrotron is a second 
generation medical accelerator that it has been designed 
with a repetition frequency of 30 Hz. This repetition fre- 
quency is far above the typical repetition frequency used in 
medical accelerators. An elliptical beam pipe has been cho- 
sen for the RCMS design in order to win as much physical 
aperture as possible while keeping the magnet dimensions 
as small as possible. Rapid Cycling induces Eddy current 
in the magnets. Eddy currents and elliptical beam pipes 
generate sextupole components that might be neccesary to 
consider. In this paper, the effects of these sextupoles com- 
ponents are evaluated, first by looking at the phase space of 
a bunch of particles that has been tracked for 62530 turns, 
and also by evaluating the dynamical aperture of the ac- 
celerator. The effect of the sextupoles component in the 
tuneshift is also evaluated. 

First results obtained with Marylie show that the width 
of a phase space ellipse of a bunch of particles is slightly 
affected by the sextupoles due to the Eddy currents. 

INTRODUCTION 

The RCMS is a second generation proton therapy syn- 
chrotron offering more flexible performance in a simpler 
lighter and more robust implementation (see for example 
[l]or[2]). 

The RCMS will reduce the typical treatment time and 
at the same time will reduce the risk of dumping a large 
amount of radiation into the patient. All of the above is pos- 
sible thanks to the 4 design choices of the RCMS: strong 
focusing, rapid cycling, fast extraction, and 7 MeV energy 
injection. 

One of the challenging aspects of the RCMS is its fast 
repetition frequency of 30 Hz. Due to the elliptical shape 
of the beam pipe chosen for the RCMS, the induced Eddy 
currents at that repetition frequency might induce signifi- 
cant sextupole components in the beam. 

The effect of the induced sextupoles in the tunes and the 
dynamical aperture are studied in this paper. The ultimate 
goal of these studies is to determine whether the RCMS 
would require sextupole correctors or not. 

MAGNETIC MULTIPOLES 
COMPONENTS GENERATED BY EDDY 

CURRENTS 

Eddy currents in the vacuum chamber induce magnetic 
multipole components in the beam. When the chamber is 
between iron poles such multipole components are [3]: 

where a, h, and g are the conductivity, thickness and di- 
ameter of the beam pipe respectively, and BQ and BQ are 
the rate of variation of the magnetic field and the magnetic 
field itself. 

The coefficients Q:„ and /?„ can be found analytically and 
for the case of the lower non linear component (sextupoles) 
those coefficients are given by: 

02      = 

P2 

tanh(-^) 

(cosh(-^)) 

(2) 

coth(- ' 25 

(sinh(-^)) 
2' 

where Zc = Xc+ iyc is an arbitrary position in the vacuum 
chamber walls. The sextupoles components can now be 
found from Eq. 1 by numerical integration. Values of the 
62 have been estimated in reference [3] for different beam 
pipe shapes and sizes. The corresponding values for the el- 
liptical beam pipe of the RCMS can be quickly estimated 
from the tabulated values in reference [3] since 62 scale ei- 
ther proportional or inversely proportional with most of the 
parameters involved in the calculation. Using the RCMS 
parameters: 

a = 

b = 

h = 

a-i = 

B/B = 

3cm 

1.5cm, 

0.64mm, 

1.25/iOm, 

188.49/s, 

* Work performed under Contract No. DE-AC02-76CH00016 with the 
U.S. Deparment of Energy 

the sextupole strength induced in the body of the main 
dipole of the synchrotron ring is 0.687 -T- or equivalently 
an integrated sextupole strength of 0.522 —. 

MARYLIE SIMULATIONS 

In order to evaluate the effect of the sextupole com- 
ponent in the beam, particularly dynamic aperture and 
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tune footprints, particles were tracked with the software 
Marylie [4]. Marylie uses a "map" that translate the initial 
phase space coordinates into the corresponding phase space 
coordinates at the end of the ring. Simulation of the par- 
ticles going through many turns are done by successively 
applying the mentioned maps. 

Maps used by Marylie are built with the so called Lie 
transformations ( see for example [5], [6]). The impor- 
tance of the use of Lie transformations in the construction 
of maps for tracking particles resides in the concept of sym- 
plecticity. Physical systems that are described by Hamil- 
tonian flows must comply with the symplecticity condi- 
tion. Since orbits of charged particle are well described 
by Hamiltonian flows the maps derived from such Hamil- 
tonian must be symplectic. This is guarantee if Lie trans- 
formations are used to construct such maps. If the con- 
ventional Taylor expansions are used to construct the maps 
instead, such maps could not be symplectic and unphysical 
effects can appear when tracking simulations are done with 
those maps with a large number of turns. 

Lattice Preparation and Main Dipole Splitting 

The original design of the lattice was done in the sim- 
ulation program MAD [7]. Most of the elements and 
commands used in MAD have their equivalent in Marylie. 
However, neither MAD neither Marylie has built in el- 
ements that allow to put sextupole components in the 
dipoles. In order to circumvent this problem, it was necce- 
sary to divide the main dipoles and place thin multipoles 
at the divisions to simulate the effect of the sextupoles. 
The main body of the divided magnet consist then of sec- 
tor bends with multipoles located at every common point 
between the sector bends (see Fig. 1). Since the main 
dipoles of the ring are combined function magnets (dipole 
and quadrupole at the same time) the thin multipoles are 
also used to introduce the required quadrupole components. 
The number of divisions in the dipole is determined by how 

be taken at the edge of the magnets. The edges are built 
with maps that represent magnets with pole phase rotation 
and maps that represent fringe fields in sector bends. 

Once the dipoles have been appropriately divided and the 
whole lattice has been written in terms of Marylie elements 
it is neccesary to make some comparisons with MAD out- 
puts like tunes and lattice functions. 

Comparison between the tunes given by Marylie and 
MAD lead to small differences that start to be evident in 
the second significant figure. Since the tunes are one of 
the most determinant parameters in tracking simulations 
the quadrupole components of the dipole magnets were 
slightly re-tuned until it was possible to achieve an agree- 
ment between the MAD and Marylie tunes of at least 6 
significant figures. The beta functions produced by the two 
simulations programs were also compared and differences 
below 1% were found. 

Effect of the Sextupole Components on the Dy- 
namic Aperture of the RCMS Ring 

Before doing the tracking simulations neccesary to de- 
termine the dynamic aperture of the ring it is convenient 
to determine the effect of the sextupole in the phase space 
ellipses. Extensive tracking simulations were done in 
Marylie for this purpose. In particular, the final distribu- 
tion of particles on an initial 4D 2-torus distribution for dif- 
ferent sexmpole strengths was studied (see Fig. 2). Fig. 2 
shows some growth and distorsion of the the phase space 
ellipses when the strength of the sextupole is increased. 
The vertical phase space ellipses (no shown) also show 
some thickness growth but is smaller than for the horizon- 
tal case. Similarly, studies done with negative sextupole 
strengths showed that the thickness growth of the ellipses 
were smaller than for positive sextupole strengths. Having 

Sextupole Effect on Phase Space Ellipses 
Horizonia] Plane 

General Bend ieneral Bend Out 

Figure 1: The main dipoles are divided in n sector bends 
and the multipolar elements are inserted between them. 
The edges of the magnet are carefully modeled with gen- 
eral bending magnets that allow individual pole phase ro- 
tation of the faces of the magnet. Fringe fields in the edge 
are also added. 

much the resultant map change when the number of divi- 
sions changes. Allowing a change of 0.01% the number of 
division needed turn out to be 1984. Since the magnets has 
been designed with pole phase rotations special care has to 

0 

x[m] 

Figure 2: Horizontal phase space ellipses at one location of 
the ring after tracking for 62530 turns with different sex- 
tupole strengths. The nominal sextupole strength of 0.522 
T/m is represented by the red ellipse 

evaluated the effect of the sextupoles in the phase space 
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Table 1: The radius    for which particles start to get lost 
in the tracking simulations is found as function of the sex- 
tupole strength. The chromaticities 
calculated in each run. 

x' and    y' are also 

Sext. Str. Qx' Qy' r 
[T/m] [mm] 

-0.924 91.56 -9.20 10.2 
-0.522 64.70 11.05 10.9 
-0.231 45.32 25.66 14.1 

0 29.90 37.28 10.9 
0.231 14.49 48.90 10.8 
0.522 -4.89 63.51 11.2 
0.924 -31.76 83.75 8.7 

llllllllll •    ••••• ^ 
• ••••• ^ 

• 0.52 T/m 
0.92 T/m 

1e-06 2e-06 
Jx[m] 

Figure 3: Horizontal tune distribution of the particles after 
tracking for 62530 turns. 

ellipses the dynamic apertures of the ring can now be eval- 
uated. This can be done by finding the biggest ellipse al- 
lowed in the ring before particle start to get lost. This is a 
process that involved tracking of particles several times in 
the ring, every time with a different size particle distribu- 
tion. 

The process was repeated for all the sextupoles strengths 
studied before (positive and negative) with results that are 
summarized on Table 1. The maximum radius of the 
RCMS beam is expected to be about 3 mm at one sigma. 
Even in the worst case when the sextupole strength is 
+0.924 (which is almost double the nominal strength), the 
maximum transverse radius allowed for the particles be- 
fore they start to get lost ( = 8.7mm) is just enough to 
keep most of the particles inside the beam pipe during the 
acceleration cycle of the RCMS. 

Footprints 

Non linear components in the ring can introduce some 
dependence of the particles tune with the amplitude of os- 
cillation. In the RCMS it is important to know if the tune 
spread caused by the eddy currents and other non linear 
effects can excite unwanted resonances in the ring. 

In order to calculate such tune spread, a uniform distribu- 
tion of particles in the x- y space were tracked for 62530 
turns with the Marylie software. The tunes of each indi- 
vidual particle were determined using the orbit information 
provided by the 62530 simulated turns. The particles are 
dien sorted out according to their horizontal and vertical 
actions x and y given place to Fig. 3 and an equivalent 
figure in the vertical plane (no shown). These graphs are 
done with the nominal sextupole strength of 0.522 T/m and 
a bigger strength of 0.924 T/m. The biggest tune spread in 
the horizontal plane is about 8.15 ~'^ and 2.55 ~^ in the 
vertical plane, both of them for the extreme situation of a 
sextupole strenght of 0.924 T/m. These tune spreads are no 
large enough to move the nominal tune into the strongest 
resonances of one half at one third and hence the operation 
of the machine is stable within the sextupole range consid- 
ered in this study. 

CONCLUSIONS 

The sextupole component induced by the eddy currents 
in the beam pipe has a visible effect in the phase space dis- 
tribution of the particles but the dynamic aperture is not 
sensitive to this sextupole component in the range of sex- 
tupole strenghts used in this stady. Even in the very ex- 
treme case in which the sextupole component is almost 
double the nominal strenght the dynamic aperture although 
reduced is big enough to hold most of the particles of the 
beam. 

It was also shown through Marylie simulations that the 
tune spread of the particles due to their different amplitudes 
is not significant and hence it doesn't represent any risk for 
the stable operation of the machine. The addition of sex- 
tupoles correctors to the RCMS design doesn't seem necce- 
sary according to the results that has been presented in this 
paper. 
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STATUS OF THE INTEGRATED RFQ-DRIFTTUBE-COMBINATION FOR 
THE MEDICINE-SYNCHROTRON IN HEIDELBERG* 

A. Bechtold, U. Ratzinger, A. Schempp, lAP, J. W. Goethe-Universitaet, Frankfurt, Germany 
B. Schlitt, GSI, Darmstadt, Germany 

Abstract 

Design and construction of the RFQ including an 
integrated rebunching section as a part of the LINAC 
system is our contribution to the medicine project in 
Heidelberg. The building of the machine has been 
finished, first rf-measurements at low power have been 
done. The concept of assembling, especially the 
alignment of the electrodes, and the results of the rf- 
measurements will be presented. 

1 INTRODUCTION 
A common solution for matching the longitudinal 

properties of a beam after an RFQ to the acceptance of a 
following drift tube structure is a separate buncher cavity 
in a suitable distance. We have developed a new concept: 
A drift tube is mounted directly to the last RFQ stem at 
the high energy end forming a boosting or bunching unit, 
depending on the HF-phase it is operated with [1] 
(fig. 1). The advantages of an integrated solution like this 
are a very compact and easy to use machine, which saves 
building and operating costs, no extra power supply and 
control-unit is needed. The loss of flexibility for example 
in adjusting phase and amplitude independently, which 
might be of interest in physical laboratories is 
unimportant in a clinical surrounding. Once the machine 
is switched on, it should operate with high reliability, 
without the need to do further adjustments. 

Figure 1: The adjusted RFQ-Drifttube-Combination right 
before its installation into the tank. 

The 217 MHz RFQ will be a part of the accelerator 
complex, which is generally divided into two parts: a 
linac-section for pre-acceleration of '^C** up to 7 MeV/u 
and the following synchrotron ring-structure for 
acceleration of stripped '^C^* to final energies between 
50 and 430 MeV/u. The linac consists of an IH-type drift 
tube structure [2] following the RFQ. The main 
parameters of the RFQ are listed in Table 1. The Ions are 
coming fi-om two separate ECR sources, to switch 
between two different ion species very fast. 

2 RFQ DESIGN 
At the generation of the RFQ structure the simulation 

program PARMPRO uses the well known two term 
potential: 

V{r,q>,z) = \\-\ cos(2(i9) + Ai„I„(A:r)cos(fe)' 

where k is the wave number of the modulation, lo is the 
modified Bessel function of order 0. Ao,i and Ai.o are 
functions ofk, a and m and are scaling with the electrode 
voltage U. Fig. 2 shows the ideal electrode shape in a 
transverse intersection for modulation m = 2, based on 
the two term potential. 

Figure 2: transverse intersection of the ideal electrode 
shape for modulation m = 2, based on the two term 
potential. Intersections in three different planes at the 
beginning, in the middle (ideal hyperbolic shape) and at 
the end of the cell are printed. 

' Work supported by the BMBF and GSI 
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Each curve of the surface of ideal electrodes, which 
reaches closer to the beam axis is closing behind the 
other ones. As it is impossible to manufacture an 
electrode like this, one has to find an approximate 
solution. 

Two types of electrodes are widely in use with the 4- 
rod-RFQ: The so called mini-vane type and the original 
rods. In the case of the rods, the modulation is done by 
changing the diameter periodically, which fits very well 
to the geometry shown in fig. 3, while the mini-vanes are 
milled and the transverse diameter is kept constant 
throughout the whole cell. Indeed simulations with 
Los Alamos PARMTEQ indicate a slightly better 
transmission of about 1 % with rod type electrodes in 
some cases. On the other hand one has much more 
freedom to vary the modulation or the aperture along the 
structure with the mini-vane electrodes without causing 
to many trouble in view of the alignment. However mini- 
vanes do have a higher capacity, which leads to a higher 
power consumption of the whole structure. 

The medicine-RFQ has been manufactured by the use 
of mini-vane type electrodes, the main parameters of the 
RFQ are listed in table 1. 

Table 1: Main RFQ parameters. 

Ion species "C*% protons 
Length of the electrodes 1,28 m 
Length of tank 1,40 m 
Tank diameter 250 mm 
# of RFQ cells 219 
# of matching in cells 8 
Min. aperture 2.63 mm 
Max. modulation 1.867 
Max. focusing strength B 4.84 
Input energy 8 keV/u 
Input emittance 8x.v=150 71 mm mrad 
Electrode voltage 70 kV 
Exp. Power consumption 165 kW 
Current max. 2 mA H* 
Output energy 400 keV/u 
max. beam angle at the exit ±20 mrad (in both planes) 
Phase width at IH entrance Acp < ±15° 

3 ALIGNMENT 
As the beam axis should be congruent with the tank 

axis, the first step of alignment was to determine the 
position of the ground plate mounted inside of the tank 
relative to the tank axis defined by the centers of the two 
end-flanges (fig. 3) [3]. Stems and electrodes where 
adjusted afterwards with respect to these measurements 
outside of the tank (fig. 4). The adjustment has been done 
by silver plated shims vertically and by shifting the 
electrode horizontally to equalize manufacturing 
tolerances with an accuracy of less than 30 p,m. 

Figure 3: A line of special flange inserts as a connecting 
surface for the ground plate on the left. Determination of 
the exact position of the ground plate inside of the tank 
in the middle. And the tank axis defined as the two 
centres of the whole circles of the two end-flanges. 

Figure 4: Adjustment of the electrodes outside of the tank 
on the left. Electrolytic process of silver plating and 
plated distant plates on the right. 

4 MEASUREMENT OF BASIC 
RF-PROPERTIES 

After the installation of the RFQ-structure into the 
cavity, first measurements of basic rf-properties have 
been done. First of all the resonance frequency was 
measured to fo = 193 MHz, which is about 10 % below 
the desired frequency of 217 MHz. This is a very 
comfortable result as it gives enough space to equalize 
inhomogeneities of the voltage distribution along the 
electrodes of about 20 % [1]. A first fine tuning has 
already been done by movable short circuit plates 
between stems near the end stems of the sfructure. 

The quality factor was measured with the 3 dB method 
to 2 = 2500. Together with R^ = 30 kQ, which is the 
shunt impedance divided by the length of the sfructure 
measured with a pertui-bation capacity of 1 pF, and an 
elecfrode voltage of %: ?= 70 kV the expected power 
consumption of the WQ-Drifttube-Combination will be 
165 kW. ,..--" 

5 VOLTAGE VARIATION OF THE 
INTEGRATED BUNCHER 

One of the main aspects of the RFQ-Drifttube- 
Combination is the variation of the bunching voltage by 
adjusting the height in which the second drifttube is 
connected to the last oversized RFQ-stem, as one can see 
in fig. 5. 
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Figure 5: The integrated buncher unit. 

To determine the range in which the voltage is 
adjustable, we just had to measure the ratio between the 
voltage of the electrodes and the drifttubes. This has been 
done by the bead perturbation method where a peace of 
matter with an £^> 1 is moved along an interesting path 
always parallel to the electric field components while 
watching the phase shift caused by its presence. Because 
A(p ~ E\ which is true for little perturbations, the phase 
shift at a certain point gives information about the 
strength of the electric field. 

In our case the measurements have been done with a 
bead made of copper, 5 mm in diameter. Because of the 
very limited geometrical conditions inside of the tank, 
the ball was speared on a small wooden stick, not as 
usual where it is fixed on a nylon string. The special 
measuring device inside of the tank for supporting the 
stick (fig. 6) was made of PVC and is not effecting the 
measurement very much, because almost all of the 
electric fields are concentrated between the electrodes. 
The results of these measurements are shown in fig. 7. 
The calculated total cap voltage of ca. 86 kV [4] has to be 
corrected by the transit time factor of the exact drifttube 
geometry and will be in the end about 20 % higher, 
which is no problem. 

Figure 6: A special electrode top for the transition of the 
bead on the left and the whole measuring device on the 
right. 

Figure 7: Measured total bunching voltage as a fimction 
of the height in which the drifttube is attached to the last 
RFQ-stem. 

6 CONCLUSIONS 
The rf-measurements on the now aligned and installed 

medicine RFQ are promising as they are very close to the 
desired specifications of the machine. Next step will be 
the conditioning of the structure at higher power levels. 
A final adjustment of the bunching unit will be done in 
the course of a beam test in the near fiiture. 
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POTENTIAL ALTERNATE BEAM SOURCE FOR PROTON THERAPY 

W. p. Jones, D.L. Friesel, and S.Y. Lee 
Indiana University Cyclotron Facility, Bloomington, IN 47408, USA 

Abstract 
Studies have been carried out to determine the 

suitability of the lUCF Cooler Injector Synchrotron (CIS) 
as a potential replacement or supplement to the Indiana 
University Cyclotron as a source of proton beams for the 
Midwest Proton Radiotherapy Institute (MPRI). The 
primary modification to the synchrotron would be the 
development of a slow extraction system. An achromatic 
beam line connecting CIS and the MPRI beam trunk line 
has been designed and could use magnets from the 
recentiy decommissioned Cooler ring at lUCF. In 
addition to providing redundancy, this project would 
increase the proton energy to 240 MeV and could provide 
higher resolution beams to the radiation effects target 
stations. 

MPRI FACILITY DESCRIPTION 

A complete description of the present status of the MPRI 
project will be given later this week by D.L. Friesel [1]. 
206.5 MeV proton beams for the treatment facility will be 
accelerated by the Indiana University Cyclotron. The first 
treatments will be carried out using a fixed horizontal 
beam line. Over the course of the next two years, two 
additional treatment rooms will be commissioned and 
brought into operation. Each of these treatment rooms 
will contain an IBA 360° - rotating gantry. This paper 
will consider the possibility of using the lUCF Cooler 
Injector Synchrotron (CIS) [2] as a source of protons for 
the MPRI treatment rooms. 

Hz Blumlcin Fast 
^ Extraction Kicker 

4^g/cm 
Stripper 
Foil (C) 

Scale: Feet 
220 MeV (p) 

Figure 1. Current Layout of Cooler Injector Synchrotron 
(CIS) 

DEVELOPMENT OF A SLOW 
EXTRACTION SYSTEM 

DESCRIPTION OF CIS 

A complete description of CIS has been published by D.L. 
Friesel et al. [2]. Figure 1 shows the configuration of CIS, 
which has four superperiods. Each superperiod is 
composed of a drift space, a dipole magnet with 90° 
bending angle and 12° edge angle at both ends. Four trim 
quadrupoles are used in order to have flexibility in 
adjusting betatron tunes. Including the injection chicane 
dipoles the horizontal betatron tune is 1.48 In its current 
configuration CIS has accelerated protons to 240 MeV 
and extraction is accomplished via a fast rise time 
horizontal kicker which jumps the beam across the septum 
of a vertical extraction Lambertson magnet in the 
following straight section. 

In order to use CIS as a source of proton beam for a 
proton radiotherapy facility it will be necessary to develop 
a slow extraction system. Kang et al. [3] have studied 
slow extraction using the half integer resonance. The half 
integer resonance extraction method was chosen because 
the horizontal tune 1.48 of CIS is close to 1.50. The 
quadrupole magnets can be used to drive the half integer 
resonance. The fast extraction kicker magnet would be 
removed from CIS and in its place an electrostatic 
deflection system with a thin wire septum would be 
installed. Extraction efficiency caii be increased by 
optimizing the location of the trim quadrupoles and by 
locating the wire septum as close to the dipole magnet as 
possible. This system could be implemented fairly 
quickly because it does not involve rearrangement of the 
basic CIS ring. There are concerns about the overall 
extraction efficiency that can be achieved with this 
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method because of the relatively low value of horizontal 
beta in the straight sections (~lm). 

A second method would involve modification of the 
CIS ring elongating two of the straight sections is based 
on a study by Al Harbi and Lee[4]. The stretched CIS 
would have a horizontal betatron tune near 1.70 at its 
operating point. This is close to the third order integer 
resonance and the trim quadrupoles can be used to adjust 
the tune to allow the use of third order resonance to move 
the beam across the deflection system's thin wire septum. 
Because of the additional length in two of the straight 
sections, it would be possible to keep the fast kicker 
magnet and maintain the flexibility of having both fast 
extraction and slow extraction systems available. Because 
of the necessity of significant modifications to CIS for 
this system, the time scale for this would be considerably 
longer. 

DESIGN OF THE CIS - MPRI TRANSFER 
BEAM LINE 

A beam transfer line has been designed using magnets 
which can be recycled from the recently decommissioned 
lUCF Cooler. This design, which would use 12 of the 
Cooler quadrupoles and 3 of the Cooler 30° dipole 
magnets, had as its goals matching the beam phase shape 
at the entrance to the Kicker-Lambertson system for 
Treatment Room 2, having high transmission from CIS to 
the MPRI Trunk Line, and being achromatic in the Trunk 
Line. Fig. 2 shows the horizontal and vertical beam 
envelops along with the quadrupole apertures at their 
locations along the length of the transfer line. The 
transfer beam line is achromatic after the third dipole 
magnet. 

The dipole and quadrupole magnets which would be used 
in the transfer line are all laminated magnets and would be 
able to be reset very quickly as new energies are requested 
by the Treatment Room. While the rest of the magnets in 
the MPRI Beam Trunk Line are solid core magnets, they 
are either relatively small quadrupole or steerer magnets 
and can their strengths can be varied fairly rapidly. If the 
speed of their variation became an issue, the quadrupole 
magnets in the Trunk Line could be replaced by additional 
laminated magnets from the Cooler. Figure 3 shows the 
proposed layout of the Beam Transfer Line connecting 
CIS with the MPRI Trunk Line. 

ADVANTAGES AND DISADVANTAGES OF 
USING CIS FOR MPRI 

A major advantage of CIS relative to the lUCF cyclotron 
for MPRI is the higher energy of the proton beam (240 
MeV rather than 206.5 MeV). Another advantage would 
occur when a beam scanning system is implemented in 
the Treatment Rooms in that it would be simpler to 
control the dose delivered at each treatment depth with a 
active system controlling the energy for each layer of dose 
rather than using a passive range shifting system such as a 
propeller or ridge filter. 

Disadvantages to using CIS rather than the cyclotron 
include the fact that beam from CIS cannot be brought to 
Treatment Room 1 with the system currently under 
consideration and a much more complex system would be 
required to reach Treatment Room 1. With the current 
design, the cyclotron could still be used to provide beam 
to Treatment Room 1. 

The beam delivered to the Radiation Effects Research 
Program (RERP) target stations (at the exit from the 
MPRI Trunk Line) would be improved in that the range of 
energies available would be increased and the beam 
quality at low energies would be better because they 
would not be degraded from a high fixed energy but rather 
extracted from CIS at the energy desired by the 
experiment. 
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Figure 2. Vertical and Horizontal Beam Envelopes in CIS 
to MPRI Transfer Line 

1066 



Proceedings of the 2003 Particle Accelerator Conference 

Mitil 

Posiiioner 

Figure 3. Layout of CIS to MPRI Beam Delivery System Transfer Lines. 
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PROTON THERAPY TREATMENT ROOM CONTROLS USING A LINUX 
CONTROL SYSTEM 

J.Katuin 
Indiana University Cyclotron Facility, Bloomington, IN 47408, USA 

Abstract 
The Indiana University Cyclotron Facility (lUCF) is in 

the process of completing the building of the Midwest 
Proton Radiotherapy Institute (MPRI). The design of 
MRPI's proton therapy system required the development 
of several control systems responsible for delivery of 
proton beam to a patient and patient positioning. One 
such control system is the Treatment Room Controller. 
This system allows for management of the other control 
systems, and is the primary user interface to the proton 
therapy system. This control system was developed with 
a Linux operating system, the KDE/QT widget sets for the 
user interface, and the KDevelop IDE. The control 
software uses the unixODBC API to provide an interface 
to a MySQL database for record and verify functions and 
for history functions. The control system also uses the 
Comedi driver library so that a National Instruments PCI 
DAQ card can be used to interface to various treatriient 
room devices. 

MPRI PROTON THERAPY SYSTEM 
CONTROLS DESCRIPTION 

The MPRI Proton Therapy System (PTS), as shown in 
Fig. 1, is designed to provide proton therapy using two 
primary control lines, the Beam Delivery Line and the 
Patient Handling hne. Both lines contain sub-systems 
with their respective control systems that together provide 
proton therapy to a patient. Such systems are grouped 
into two categories, Beam Delivery, and Patient Handling 
[11]. 

The Beam Delivery Group is responsible for proton 
beam delivery, dose monitoring, and radiation safety. 
This group is composed of the Beam Delivery System 
(BDS), the Dose Deliver System (DDS), the Kicker 
Enable System (KES), and the MPRI Interlock and 
Radiation System (MIRS). 

The Patient Handling Group is responsible for patient 
positioning and position verification of a target. This 

Patient Handling Gtovf 

Treatiri*iit 

Lzjxr  
Offline 
Position 
Calcvdations 

Figure 1: The Proton Therapy System. 
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group is composed of the Patient Positioning System 
(PPS), the Robot Interface and Position Verification 
System (RIPVS), and the X-Ray System. 

The Treatment Room Control System (TRCS), an Intel 
Pentium based computer system, provides clinic 
personnel with the primary user interface for the PTS 
system for implementing and managing the treatment 
process. The TRCS accomplishes this by providing the 
interface with the Clinic Information System for treatment 
requirements and results. 

When a treatment process is initiated, the TRCS 
retrieves the Treatment Planning Package from the Clinic 
Information System. This package contains treatment 
specific parameters, instructions, and files used for 
treatment by the various systems in the PTS. The TRCS 
dovraloads the elements of the package to the respective 
systems, and then verifies the information for correctness. 
Upon completion of a fraction the treatment events are 
sent back to the Clinic Information System in the form of 
a History Package, including x-ray images, log files, and 
corrections. 

The TRCS also inspects the installation of treatment 
specific devices such as apertures, boluses, and ridge 
filters that are associated with a patient using bar code 
identification and limit switches. The TRCS will also 
display nozzle position by providing a signal from a 
potentiometer moimted to the nozzle assembly. The 
TRCS will monitor energy setup by analyzing hall probe 
data from a switching magnet located in the Beam 
Delivery System. This monitoring will allow for an 
independent check on the energy setup in the BDS. 

OPERATING SYSTEM AND SOFTWARE 
DESIGN 

Operating System 

A requirement of the control system design was to use 
a Linux operating system so that during the development 

phase of the project there could be an X- windows 
mechanism for monitoring other PTS control systems that 
had X-server capabilities. Also, a Linux operating system 
provides flexibility during the development of the TRCS 
by allowing remote logins, free development tools, and a 
relatively stable multitasking environment for 
applications. The Linux operating system needed to 
conform to an accepted standard. The intent was to 
ensure that the kernel release would allow for simple 
implementation of open source components such as the 
unixODBC and Comedi drivers. Consequently, SuSe 8.1 
[1] was chosen for the operating system since it follows 
the United Linux Standard [2]. 

Software Design 
The software requirement for the TRCS was to provide 

a GUI application called the "Treatment Room Manager" 
(TRM). The architecture of this software, as shown in 
Fig. 2, was to be divided into 5 groups. Patient Data 
Group, which handled patient/treatment information in the 
form of Treatment Package and History Package, 
Treatment Management, which handles direct therapy 
treatment commands from the Radiotherapy Technologist 
(RTT), the Maintenance Group, which allows for testing 
and configuration of the system, the Communications 
Group, which manages the communications and treatment 
requests to and from the other PTS systems using TCP/IP 
sockets, and the DAQ Group, which handles the analog 
and digital input/output signals, as well as control logic. 

The application GUI uses the KDE and QT widget sets 
[3] [4]. Consequently, the user interface was designed with 
several user interface screens. TRM uses an Explorer 
Layout, as shown in Fig.3. Access to such screens is 
controlled      through      user      specific      privileges. 

Figure 2: Software Architecture. 
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Figure 3: TRM GUI screen for the Treatment 
Management. 

Since the application is written in C++, the QT and KDE 
widget were easily implemented. Also, the QT and KDE 
widget sets provide a signal/slot mechanism, which 
allows for simple inter-process and event driven 
communications [5]. 

KDevelop 2.1 [6] was chosen as the development 
environment because it provides open source application- 
building tools that allow for rapid development of X- 
windows programs. Since the TRM application uses QT 
widgets for each screen, basic screen layout was 
accomplished using QT Designer [7], and then the 
widgets were added to the TRM project for compilation. 

Database Interface 
Early in the development of the TRM the actual 

database server was undefined, so a more general solution 
to the database interface was sought. Consequently, 
unixODBC [9] was chosen so that the code would require 
little to no changes regardless of the database server 
platform. Currently, the TRM interfaces to a MySQL 
Server in the MPRI Clinic Information System. Although 
the unixODBC web site provides some basic code 
examples, it lacks information on all of the API calls 
available to the unkODBC driver. However, this driver 
is compatible to Microsoft's ODBC references found at 
Microsoft's MSDN web site under Data Access[10]. 
Consequently most ODBC API calls described by 
Microsoft are applicable to the unixODBC. 

Data Acquisition and Control 
Data Acquisition and control for reading the magnet 

hall probe, nozzle potentiometer, and various limit 
switches was accomplished using a National Instruments 
PCI-6025E card. This card was chosen for the number of 
digital I/O channels, and analog channels. National 
Instruments recommends the use of the open source 
Comedi driver [8]. This driver package provides libraries 
for both real-time and non real-time Linux releases and 
can be used with a wide range of DAQ card manufactures. 

The TRCS required both sets of libraries for the control 
application. The non real-time library (Comedilib [8]) 
was used for TRM because the DAQ and control 
requirements are non-critical, and the TRM is a user space 
application. A time critical feature was specified as a 
health signal to the KES, which oscillated at a fixed 
fi-equency of 10 hertz. If KES does not receive the signal 
then beam delivery into the treatment room will stop. 

A kernel module was written using the real time library 
(Kcomedilib [8]). This module received a software health 
signal fi'om TRM through a Char driver file [12], which 
allows user space/kernel space application 
communication. The TRM processes that need 
verification of operation were summed in intervals that 
were acceptable to the kernel module, which in tum 
allowed the kernel module to continue outputting a signal 
to the KES. The significance of this arrangement was that 
both drivers could communicate with a single NI card, 
and that the timing output of the kernel module was a 
consistent 10 hertz. If the TRM is disabled for any reason 
then the health signal will stop. 

CONCLUSIONS 
The TRCS has been designed using Linux and open 

source resources and standard hardware to meet the clinic 
requirements of MPRI's PTS. The tools are available at a 
minimal to no cost to developers of such a system. The 
development environment available with KDevelop and 
the KDE and QT widget sets allow for relatively fast 
application development. The unixODBC driver provides 
a means by which a programmer can create database 
applications that are server platform independent. The 
Comedi driver package provides a means of programming 
DAQ cards in a Linux environment, including kemel level 
applications. Support for this work is provided by the 
State of Indiana, Indiana University, the DOE (Grant No 
DE-FG-02000ER62966) and the NIH (Grant No. C06 
RR.17407). 
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DEVELOPMENT OF HIGH FIELD DIPOLE AND HIGH CURRENT PULSE 
POWER SUPPLY FOR COMPACT PROTON SYNCHROTRON 

K. Endo and K. Egawa, KEK & SKD, Tsukuba, Japan 
Z. Fang, NIRS & KEK, Chiba, Japan 

M.Mizobata and A. Teramoto, Mitsubishi Electric Corp., Kobe, Japan 

Abstract 
A small dipole magnet of 3 T is developed with its 

pulse power supply feeding 200 kA at maximum for the 
table-top proton synchrotron which is now under 
development for the radiotherapy. The experimental field 
distribution is consistent with the 3D dynamic field 
simulation results satisfying the required beam aperture. 
The dipole field was measured at an interval of 2 msec 
with 15 tiny search coils aligned accurately to the radial 
direction in the pole gap. The dipole is excited by the 
discharge current of the capacitor bank of 53 kJ with the 
rise time of 5 msec. Transverse beam behavior is also 
simulated using a time dependent beam optics code under 
the influence of the RF acceleration field to estimate the 
required beam apertures. Performances of the dipole and 
power supply will be treated in detail in conjunction with 
the numerical simulations. 

INTRODUCTION 
In order to make the proton synchrotron of 200 MeV 

for the radiation therapy small enough for installation and 
daily clinical treatment in the hospital environment, the 
development of the high field compact dipole magnet 
with performance of the accelerator grade is indispensable 
[1, 2]. The pioneering work has been initiated at BINP 
using a compact electron synchrotron model ring which 
was followed by the development of a small 5 T dipole 
magnet with a small beam aperture [3, 4]. Another 
requirement to the compact ring is to reduce the overall 
longitudinal dimension of the RF cavity with the average 
accelerating gradient of ~40 kV/m [5]. Its RF fi-equency 
range is well wide and the accelerating voltage is very 
large to accomplish the acceleration within duration while 
the ohmic heat dissipation can allow the temperature rise 
of the dipole coil. The RF issues are treated by the paper 
of this conference [6]. 

According to the size of the horizontal beam aperture, 
the cross-sectional dimensions of the dipole become 
large. If they are limited by the ring size, the iron core 
saturation becomes large when attaining a high magnetic 
field. There is a room for a trade off between the 
maximum field strength and the beam aperture. The 
present optics design has a preference to the beam 
aperture so as to obtain the sufficient beam intensity 
extracted for the medical treatment. The peak field of the 
dipole is suppressed to 3 T at 200 MeV, however, the 
dipole core saturates considerably. 

The pulse power supply was also manufactured. It 
depends on the charge/discharge of the energy storage 

capacitor and the discharge current steps up through the 
pulse transformer to attain the peak current of 200 kA 
corresponding to the dipole field of 3 T. The power 
supply and the dipole magnet compose a resonant circuit 
of which rise time is used for the acceleration [7]. 

RING PARAMETERS 
Main machine parameters are tabulated in Table 1 and 

the present ring layout is shown in Fig.l. Each design has 
the different dispersion and the horizontal/vertical tunes 
depending on the cell structure. The present design adopts 
the triplet cell structure to decrease the dispersion at the 
dipole magnet. 

Table 1: Parameters for a 200 MeV proton synchrotron 
BINP BINP-Frascati KEK unit 

Max. energy 200.0 200.0 200.0 MeV 
Inj. energy 1.0 12.0 2.0 MeV 
Circumference 4.7 6.4 11.9 m 
Av. diameter 1.5 2.0 3.6 m 
Bending radius 0.43 0.54 0.72 m 
Max. dipole field 5.0 4.0 3.0 T 
Period 4 4 4 
Tune, Ox/Qv 1.4/0.45 1.42/0.54 2.25/1.25 
Max. dispersion 0.4 0.63 0.5 m 
Cell structure FODB BODO FODOFB 
Frequency range 4.16-36.1 7.4-26.5 1.86-16.2 MHz 
Ace. voltage 11.5 12.4 13.0 kV 
Ace. time 2.5 3.5 5.0 msec 

Figure 1: Layout of the compact proton synchrotron. 

DIPOLE MAGNET 
The ring consists of 4 dipole magnets. One of them was 

manufactured as a model according to the design (Fig.2) 
by the time dependent 3D field simulation (Fig.3). Both 
ends of the pole extending 5 cm from the core edges are 
tapered to attain a uniform effective dipole length as 
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shown in Fig.4 and the completed dipole magnet is given 
in Fig.5. 

Figure 2: Cross-sectional dimensions of the dipole. 
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Figure 3: Field distribution at the dipole center 
without correction windings at every 0.5 msec. 

1.15 

S 1-145 I 

2 3 
t (msec) 

Figure 4: Numerically obtained effective length 
as a fimction of time. The squares correspond to 
the central orbit. 

The field distribution is measured by using 15 search 
coils precisely aligned to the radial direction in the probe 
holder which are moved manually at every 0.9 or 0.45 
deg. step on the girder. Induced voltage is saved at every 
2 usec and integrated to convert it to the field data in the 
personal computer. The normalized distribution at the 
center of the dipole is given in Fig.6 which reproduces the 

numerically obtained distribution of Fig.3. The effective 
magnet length along the central orbit is given in Fig.7. At 
low field the effective length is longer by about 20 mm 
than the simulation. The time base differs somewhat in 
Fig.6 and Fig.7 where the maximum field is 2.94 T at 
5.56 msec. 

Figure 5: Completed dipole magnet. 
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Figure 6: Measured field distributions. 
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Figure 7: Measured effective magnet length. 

The effective magnet length is obtained by integrating 
numerically the measured field map of the gap medium 
plane. As the search coil moves on the circular arc both 
inside and outside of the dipole, the outside integration on 
the tangential line (Fig. 8) was made of the interpolated 
field, which is calculated by the method of the iso- 
parametric transformation in conjunction with the 
generalized matrix inversion. 
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PULSE POWER SUPPLY 
By the thermal restraint, the current pulse width should 

be short. Assuming the sinusoidal excitation with a peak 
current I^ and a pulse rate rj repetitions/sec, the 
effective current is I^ = Q.SI^^JiTlf for the rise and fall 
time equivalent to / Hz. This case is I^ = 14.1^ [fc4]. 
In practice, the current differs from the sinusoidal patteni 
due to the saturation of the dipole magnet and the 
repetition rate is 5 or less depending on the heat 
dissipation. To avoid the skin effect the coil is made of 
the strand Cu cable impregnated with the epoxy resin of 
which heat conductivity is considerably small. 

Authors are greatly indebted to Prof Y. Hirao and Dr. 
S. Yamada of MRS to perform this work successfully. 

iHilf:  : 
'■•;.^; 

Figure 8: Interpolation of the magnetic field. (Left) 
Blue spots: the measured field points, and red spots: 
interpolated if surrounded by 4 blue points. (Right) 
A red point field is interpolated from 4 black point 
data in a green rectangle. 

As the discharge current of the capacitor bank is 
utilized to excite the dipole, the precise current control is 
difficult. However, the precise tracking of the quad 
current must be established by sensing the dipole current 
or field which is the reference signal to the quad power 
supplies. This kind of control is easy because the current 
of these quad power supplies is about one tenth of the 
dipole current. 

The power supply shown in Fig.9 has the capacitor 
bank (2.5 mF, 6.5 kV) to excite one dipole. 

Before manufacturing the pulse power supply, the 
charge, discharge and residual energy recovery circuits 
are simulated using PSpice code for all dipoles serially 
cotmected. The cturent pulse width is adjusted to 10 msec 
(50 Hz equivalent) by changing the circuit parameters 
such as the pulse transformer winding ratio, capacitor, 
charging voltage and etc. The measured current pulse and 
the central dipole field are plotted in Fig. 10 when the 
energy recovery circuit is working. 

Figure 9: Completed pulse power supply for a 
dipole magnet. From left to right; charge, control, 
capacitor bank and discharge blocks. 

Figure 10: Measured time-dependent excitation curve. 
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Abstract 
A project to build a compact proton synchrotron is now 

underway [1-4]. Protons will be accelerated from 2 MeV 
to 200 MeV within 5 ms with an operation repetition rate 
of 10 Hz, in the synchrotron ring with a circumference of 
11.9 m. The acceleration system is required to be of a 
wide bandwidth, with the frequency sweeping from 1.64 
MHz to 14.26 MHz, and of a high gradient, with the 
maximum acceleration voltage of 20 kV. The acceleration 
section, consisting of a 2-cell rf cavity loaded with 4 
high-permeability magnetic alloy cores in each cell, has 
been designed. A push-pull power amplifier with two 35 
kW tetrode tubes will be used to drive the 2 cavities in 
parallel. Calculations and test results on the cavity 
characteristics will be presented and discussed, including 
the cavity impedance and equivalent circuit. The 
simulation results of the amplifier system using the ICAP 
code will also be given. The prototype of the rf system is 
being developed, and a high power test will be performed 
soon. 

1 INTRODUCTION 
For the compact design of the proton synchrotron [1-4] 

the acceleration system is required to be of a wide 
bandwidth and high gradient [5]. A 2-cell rf cavity loaded 
with 4 high-permeability magnetic alloy cores in each cell 
has been designed as shovra in Fig. 1. The core dimension 
is 397 mm and 170 mm in outer and inner diameters, and 
25 mm in length. The length of each cell is 200 mm, and 
the total length of the acceleration section is 500 mm. A 
push-pull power amplifier with two tetrode tubes 
4CX35,000C will be used to drive the 2 cavities in 
parallel. 

The rf frequency and required gap voltage as fiinctions 
of acceleration time are shown in Fig. 2. 

20 
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Figure 2: RF frequency and required gap voltage as 
functions of acceleration time. 

2 RF CAVITY 

2.; Test of Cavity Model and Core Permeability 
We made a test model with one quarter of the rf cavity, 

filling with 2 cores only in one side of the gap, and 
measured the cavity impedance. In this model, the 
equivalent circuit is a parallel circuit of lumped elements 
of cores and a gap capacitor Cg. The cavity impedance is: 

1 
Z„„ ,=■ 

1 
-+J0}C, 

j(o{u'-ju")L^ 

where u = u'-ju"  is the complex permeability of cores, 

and i^ = i^Aln- = 2x lO'' x /zln- > where a and b are 
2ft      a a 

the inner and outer diameters of cores, and h is the core 
length. 

The measured value of core permeability is: 

u' = 3000x(-^)-i    and „'' = 6000x(-^)- 
0.5 ^0.5 

where/is in MHz. 
The calculation results of impedance for different gap 

capacitance and test results of the cavity model are shown 
in Fig. 3. It is shovra that the test results agree with the 
calculation results very well. And in this model the gap 
capacitance is about 28 pF. 

\ 

Figure 1: Structure of the rf cavity 
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Figure 3: Calculation results of impedance for different 

gap capacitance and test results of the cavity model. 

2.2 Equivalent Circuit ofRF Cavity 
Since the cavity wall is connected to the ground, for the 

rf cavity (see Fig. 1) which is driven by a push-pull 
amplifier, the equivalent circuit is shown in Fig. 4. In Fig. 
4, R,a, Lia, and C^ are the core resistance and inductance, 
and the distributed capacitance at one side of gap for the 
first cell. Rib, Lit, and Cib are the ones at the other side of 
gap. Cgi is the distributed capacitance at gap area. Similar 
parameters are used for the second cell. 

CglX Cg2 

Figure 4: Equivalent circuit of rf cavity. 

From the equivalent circuit, each cell of the rf cavity 
can be separated into two cavities same as the model 

cavity we made. That is, the total rf system consists of 4 
units with 2 cores in each unit. The impedance of each 
unit given in Fig. 3 shows a good performance of 
frequency response, and the impedance is used to 
calculate the necessary rf driving current and power. For 
our case, the impedance of each unit is about 220 Ohm at 
1.64 MHz, and the required maximum rf voltage is 5 kV, 
so an rf current of 23 A is necessary for each cell. And for 
one tube, the maximum rf current should be about 46 A, 
namely, the maximum plate current should be larger than 
92A. 

3 POWER AMPLIFIER 

3.1 Simulation of RF system 
In the rf system, two tetrode tubes 4CX35,000C is used 

to form a push-pull amplifier to drive the two cells of rf 
cavity. Each side of the cavity gaps is directly connected 
to the anodes of the two tubes through the DC blocking 
capacitors. The rf system has been simulated by using 
ICAP code, as shown in Fig. 5. The input and output 
capacitances of the tube are 440 pF and 51 pF, 
respectively. The anode and screen voltage are set as 10 
kV and 2 kV, respectively. Due to the wide bandwidth, 
two rf driving sources are used for the two tubes 
respectively, and the phase difference between the two rf 
driving voltages is 180 degrees. The anode power supply 
is designed to be of maximum DC current of 100 A. 

v_cavity 

Figure 5: Simulation of rf system by using ICAP code. 

Fig. 6 shows the simulation results at different 
acceleration time. It is shown that we can get the required 
voltage at gap by applying a driving rf voltage, which is 
nearly proportional to the ratio of the required gap voltage 
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to the impedance of one quarter of the rf cavities, which is 
shown in the black curve in Fig. 6. Fig. 7 shows one 
example of simulation results at 1.64MHz. From the 
simulation results, the rf system will work well to satisfy 
the rf requirements of the proton synchrotron. 

10 

9 

^6 

The amplitude ratio of cavity voltage to rf current is: 

&5 
^4 

3 

2 : 

1 ': 

0 

-V_gap (kV) (required) 
Vgap (kV) (ICAP) 

-Z(C=65.5pF) 
•Vin(V) 

100^ 

50   * 

0 12 3 4 5 
Time (ms) 

Figure 6: Simulation results of the rf system at different 
acceleration time. 
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Figure 7: Example of simulation results at 1.64MHz. 
(I_P, plate current; V_CAVITY, cavity voltage; V_Q grid 

voltage; V_P, plate voltage) 

3.2 Improvement of Cavity Frequency Response 
From the simulation results, its also shown that the 

frequency  response   of cavity  can  be   improved  by 
inserting a small inductance about several |iH between the 
amplifier tube and cavity, as shown in Fig. 8. 

R'+a>'e 

where C=C,+Cg. 

If i,=0, then 

0 
I/I 

R' + co'L' 

l[l-o)''Lcf + [coRCj 

From the above formula, we can get the same 
conclusion that the cavity frequency response can be 
improved by inserting a small inductor (I,). And the 
optimized value can be determined in the test process of rf 
system. 

3 SUMMARY 
The rf cavity has been designed to be of a wide 

broadband and high gradient, and a test model with one 
quarter of the rf cavity has been made. The test results 
agree with the calculation results very well. The power 
amplifier system with two tetrode tubes 4CX35,000C has 
been simulated by using ICAP code. The prototype of 
the rf system is being developed, and a high power test 
will be performed soon. 
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Figure 8: Equivalent circuit with an inductor inserted 
between the amplifier tube and cavity. 
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APPLICATION OF STATISTICAL PROCESS CONTROL (SPC) 
IN THE MANUFACTURING OF MEDICAL ACCELERATORS. 

S. M. Harma*, Siemens Medical Solutions USA, Inc., Oncology Care Systems Group 

Concord, CA 94520, USA 

Abstract 
Most radiation therapy machines are based on microwave 
linear accelerators. Manufacturing reliable accelerators 
and hence, reliable radiation therapy machines requires 
accurate, efficient, and well-controlled processes 
throughout the steps of electron accelerator 
manufacturing. Statistical Process Control (SPC) 
techniques are utilized at Siemens - Oncology Care 
Systems (OCS) to meet these requirements. SPC is 
routinely used to monitor different accelerator 
manufacturing processes. Analysis of the resuUing data is 
used to initiate actions to preserve consistent and high- 
quality performance. This resuhs in processes that are 
stable and predictable at both higher effective capacity 
and lower cost. In addition, it is expected that high-energy 
physics projects such as the Next Linear Collider (NLC) 
should benefit from these techniques. Quality control 
techniques similar to those used by Siemens are essential 
to the fabrication of the large number of cavities and 
accelerator sections in an industrial environment. 

QUALITY ASSURANCE IN THE 
MANUFACTURING OF MEDICAL 

DEVICES 
Consistent high-quality and defect-free production is a 

clear requirement in medical devices. To achieve this 
requirement, medical device manufacturers usually 
employ Quality Management Systems (QMS) to maintain 
quality. Additionally, QMS help medical device 
manufacturers meet various regulatory quality standards 
such as the ISO 9001 (as a generic quality system 
standard) and the ISO 13485 (as a quality system standard 
for medical devices). In recent years, Statistical Quality 
Control (SQC) and its subset the Statistical Process 
Control (SPC), [1-3] have proven effective in improving 
and maintaining the quality of the medical device industry 
and supporting the FDA's good manufacturing practices. 

to maintain and improve the capability of the process and 
to ensure product conformance. SPC is used to control the 
process by signaling when adjustments may be necessary. 
Some techniques associated with SPC include frequency 
histograms and control charts. A control chart is the tool 
used to monitor the variation in a process and ensure that 
the process is in a state of control. This allows the 
operator to monitor the trends occurring in the process. 
The control chart reflects the specification limits, namely, 
the Upper Specification Limit (USL) and the Lower 
Specification Limit (LSL). In addition, it has upper and 
lower control limits that He within the specification limits. 
The Upper Control Limit (UCL) and the Lower Control 
Limit (LCL) are determined by evaluating the dispersion 
(variability) in process, see Fig. 1. In a well-controlled 
process, these limits can be chosen to be equal to ji ± 3CT 

respectively, where a is the process standard deviation 
and (iis the process mean. These statistical limits are 
normally called the "3 sigma control limits". In a normal 
(Gaussian) distribution, 99.73% of the values measured 
lie in interval of width 6 a. 

General Form of SPC Charts 
90 -®—USL 

UCL 

■"♦—Sample 
Value 
Mean 

LCL 

-*—LSL 

Figure 1: Typical SPC chart. 

STATISTICAL QUALITY CONTROL 
Statistical Quality Control (SQC) is a scientific method 

to analyze manufacturing data. Based on this analysis, 
measures are taken to maintain the quality of the 
manufactured product. One of the techniques that are used 
to monitor manufacturing processes and provide feedback 
is Statistical Process Control (SPC). The feedback is used 

*E-mail: samy.hanna@siemens.com. 
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APPLICATIONS OF SPC IN THE 
MANUFACTURING OF SIEMENS 

MEDICAL ACCELERATORS 
At Siemens Medical Solutions USA, Inc., Oncology 

Care Systems Group, we have been implementing various 
Computer-Aided Processes (CAP) in several critical areas 
of the accelerator manufacturing. The CAP approach 
provides accurate and efficient techniques to characterize 
accelerator structures [4-6]. These techniques are 
implemented at different phases of development and of 
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manufacturing of the accelerators. These CAP techniques 
lend themselves to the use of SPC. The data is analyzed 
and displayed graphically a control chart, from which one 
can analyze variations in the process. Based on these 
control charts, the processing engineer can decide on the 
stability of the process as well as causes of deviations. 
The role of SPC is depicted in Fig. 2, below. 

( 

Operator/ 
Process > 

[3ata Entry Database 

Control 

Analysis 

SPC Chart 

^A^^" 
Data 

P^5J—3 

i^jr.         .Ji-Cfj         v.-c>i.         vis^r         ;j:.'Mi         viyra:         A-.rjr;   ^   i   '   t   t   K u 

^  W 

■.TUPnfMJv* j *;rom!ftHIVijj._ | 

*i rc^fUfNiMnjiMw 

Fig. 2 Role of SPC in controlling different accelerator 
manufacturing process. 

Each manufacturing process is characterized by a set of 
measurable parameters. These parameters, tables, and 
plots are transmitted to a database where they are stored 
on the network. The flow of data and documents used in 
accelerator manufacturing process at Siemens-OCS is 
shown schematically in Fig. 3, below. 

Figiu-e 4: SPC chart of a parameter characterizing a 
linear accelerator at Siemens-OCS. 

Our operators are trained to recognize trends occurring in 
the process by observing the SPC charts such as the one 
shown in Fig. 4. They are also trained to correct the 
conditions before the process approaches one of its limits. 
By being alert to these trends and acting accordingly and 
promptly, consistent process output is achieved. 
Ultimately, higher yield would resuk as the process is 
guarded from approaching its Umits and fewer parts are 
out of their engineering specifications. 

C avity 
M ach in ing 

T u n in g 

D a ta 
(^S e rve r(s) 

SPC 

Gun 
Test 

Docum ents 

Figure 3 Flow of data and documentation to the 
database and the SPC system. 

We are also using the approach depicted in Fig. 3 to 
archive data records resulting from each manufacturing 
process. On the resulting SPC chart one can use the 
curser to select a data point. A summary of related 
parameters are instantly displayed. If fiirther information 
is needed, the frill record (a table or a plot) can be 
retrieved from the server on the network. The example 
displayed in Fig. 4, shows some of data retrieval 
capability of our approach. 

As shown in Fig. 4, the overall performance of the 
process over long periods of time is displayed as a 
frequency histogram and a fitting distribution. Our 
process engineers use these resulting distributions to 
verify the effect of the measures taken to tighten the 
process limits and hence improve consistency even 
fiirther. 
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SPC AS A FEEDBACK TOOL FOR 
ENGINEERING DESIGN 

In designing a linear accelerator, many constraints are 
to be considered and satisfied. Some of these constraints 
have competing, or even conflicting. Therefore, trade-offs 
are usually needed. Our processing engineers use SPC 
tools to analyze the ultimate limits of different 
manufacturing processes. Results of these analyses and 
supporting data are then shared with the accelerator 
design engineers. This feedback on the process 
capabilities can provide the design engineer with 
information needed to tighten some tolerances related to 
the manufacturing process. This would allow the relief of 
other competing design constraints and still meet 
manufacturing requirements. Ultimately, a better design 
that is efficiently manufactured is achieved. Fig. 5 depicts 
the role of SPC in the design cycle. 
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Fig. 5 Role of SPC in the design cycle. 

APPLICATIONS OF SPC IN 
PARTNERSHIPS WITH SUPPLIERS 

A strengthening factor in the partnerships with our 
suppliers is providing feedback information on the quality 
of their supplied components in a timely manner. Our 
SPC tools have been effective in compiling data measured 
by our suppliers as well as our processes and analyzing 
them. Reports resulting from these analyses and the 
associated data are shared with the relevant suppliers. 
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RADIATION-ACOUSTIC MONITORING OF THERAPEUTIC BEAM 

A.I. Kalinichenko, V.T. Lazurik, GF. Popov, V.V. Tovstiak, 
Kharkov National University, P.O. Box 60, 61052 Kharkov, Ukraine 

Abstract 
A method of dose field control in patient's body during 

radiation treatment is proposed. It is based on detection of 
thermoacoustic pulse to be generated by pulsed radiation 
beam in vivo and on reconstruction of dose field 
characteristics by stress amplitude. A possible scheme of 
realization of the proposed method is considered. Typical 
variants of dose fields and corresponding solutions of 
radiation thermoacoustic equation are discussed. The 
values of stress pulses and accuracy of dose field location 
are estimated for electron, X-ray and proton beams. 

1 INTRODUCTION 
One of lines of advanced medicine is the use of directed 

beams of ionizing radiation - electrons, X-ray, protons. 
So, radiosurgeiy has become an important method of 
treatment of small lesions such as benign or malignant 
primary tumors and isolated metastases. For the most 
effective application of radiation beam without healthy 
tissue overirradiation one should control characteristics of 
irradiation zone in the patient's body directly during the 
treatment, i.e. to determine form, location and dose 
distribution in this zone. At present, dose field parameters 
are determined by preliminary calculation that demands 
thorough initial data preparation, considerable expense of 
computer time and aware experts in the physics of 
radiation- matter interaction. This approach does not 
guarantee coincidence the real dose field with the 
calculated one because of dispersion of the beam and the 
target characteristics, personnel's mistakes, etc. 

In the paper, a new method of radiation- acoustic 
monitoring of therapeutic beam is proposed. This method 
is based on detection of thermoacoustic pulse generated 
by pulsed radiation beam in vivo and recovery on its basis 
dose field characteristics. 

2 METHOD DESCRIPTION 
A short-pulsed radiation beam causes "instant" heating 

of a target material and generation in it a thermoelastic 
stress pulse which is initially directly proportional to 
absorbed energy density and diverges from generation 
zone with longitudinal sound velocity s. Time of pulse 
arrival to /-th acoustic detector permits determining 
distance /, = t^s from zone of energy release to detector. 

The heat energy density £{r,t) to be coincide with 
absorbed dose determines unambiguously amplitude of 
generated thermoelastic pulse cr{l,t) connected with it by 
an integral relation of the convolution type. In some 
particular cases one can express the absorbed dose £•(?,?) 

per thermoelastic pulse amplitude a{l,t) and distance / 

[1,2]. Indications of several wideband acoustic detectors 
connected to patient's body permit determining position, 
form and value of dose field. 

A possible scheme of radiation- acoustic monitoring of 
therapeutic beam in patient's body is shown in Fig. 1. 
(The case of intracranial irradiation). 

Cylinder or converging therapeutic beam (1) goes out a 
pulsed accelerator (2) passes through filter- transformer 
(3) of beam characteristics. Thermoacoustic dosimeters of 
external monitoring (4-6) are positioned on the path of the 
beam. Passing through the dosimeter the beam generates 
the thermoacoustic pulse containing information 
concerning particle distribution, duration and diameter of 
the beam. Joint data at least of two dosimeters permit 
determining axis direction and angle of convergence of 
the beam. Coming in detectors (7-9) the acoustic pulses 
transform into the voltage ones which go to SYGNAL 
PROCESSING SYSTEM (SPS). Also, accelerator sync 
pulse and signals from internal monitoring detectors (10- 
13) detecting thermoacoustic pulse fi-om dose field in 
patient's body come there with corresponding delays. 
SPS determines position, form and value of dose field. 
The number of detectors is chosen assuming necessary 
accuracy of measurements. Dose field data come in 
CONTROLLED COMPUTER that yields directive on 
change of relative position of radiation source and target. 

3 THEORETICAL JUSTIFICATION 

3.1 Radiation-Acoustic Equation and Solutions 
The thermoacoustic displacement potential ^(r,t) is 

found fi-om the wave equation [2]: 

dt^ P 
(1) 

Here T and p are the Gruneisen's parameter and density. 
The solution of Eq. (1) for unbounded medium is: 

^fe,^)=- 
4;r/K' JJf 

r,t-^ 

K - r\ 
■dxdydz 

1°    ■' ,  (2) 

where jj, is the position vector of the observation point. 

The range of integration is \ro-r\ < st. For quasi-liquid 

medium, we have the following expression for nonzero 
(diagonal) elements of the stress tensor: 
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Figure 1: Scheme of radiation- acoustic monitoring of therapeutic beam in patient's body- 

^(roj)-- P-r-^e^ 

T   a' 
■\\\- 

E\ rj- 

Ans^ dt^"'        \ro-r\ 

For some special dose fields, Eq. (3) permits a simpler 
analytical representation. It simplifies reconstruction of 
the dose field £{r,t) by thermoacoustic response of the 
target. The simplest pulse form produces one-dimensional 
instant radiation heating of the target material: 
£{r,t) = £{x)0{t). In this case the thermoacoustic pulse 
propagating in positive direction of ;c-axis has the form 

cr{x,t) = —£{x- ■st), (4) 

i.e. the acoustic response (T{x,t) is directly proportional to 

dose field £{x - si) in the target, and its time delay 
determines distance from generation zone to observation 
point. In case of near-surface irradiation the total pulse 
consists of superposition of direct and reflected pulses. 

The thermoacoustic responses of cylinder or spherical 
dose fields have more complex forms. The corresponding 
expressions for stress amplitudes as well as the inverse 
problem solutions were found and analyzed in [1,2]. 

3.2 Dose Field Characterization 
Therapeutic beam characteristics, i.e. sort and energy of 

its particles, diameter D, duration T, are chosen depending 
on location and form of irradiated lesion. These 
characteristics determine a type of a dose field behaving 
as the thermal loading in the thermoacoustic equation. 

Consider some specific features of dose fields generating 
by electron and X-ray and proton beams. 

A small dose spot formation on considerable depth of 
tissue by pencil or focused electron beam is problematic. 
Electron beam can be used for surface and near-surface 
irradiation. Existing program packages permit finding the 
dose field of arbitrary electron beam [3]. These codes 
allow justifying results of radiation-acoustic dosimetry. In 
the case ofX«D, and flat surface of the target, the quasi- 
one-dimensional acoustic response (4) is realized. Here X 
is the maximum penetration depth. 

A pencil beam of monoenergetic photons attenuates in 
matter exponentially. Supposing axisymmetric Gaussian 
distribution of photons with initial radius R we have the 
following expression for dose field of a pulsed 
converging photon beam in (semi)infinite medium: 

-M{Ey)x- 

^^^^^^■^^^[j^J^fen^rMh 
1--J .A.^ 

;r R' 1- + Ar^ 

-,(5) 

where Ny is the total number of photons,  //(£„) and 

Hm(E) are the extinction coefficient and the energy 
absorption coefficient depending on gamma quantum 
energy Ey,f\% the focal distance and Ar is the focal spot 
radius. The function (p(t) determines the time dependence 
of absorbed dose. The following one-parameter 
approximation <?>(?) =0.5(l+erf (2^/r)) is mostly 
acceptable for electron and proton beams. The instant 
heating   approximation   (p(t)=6(t)   is   realized   under 
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condition T« R/s. Here 0(t) is the Heavyside's unitary 
function. In this case the dose field recovery is possible 
by indications of a few detectors. 

The extreme case /->co corresponds to a pencil 
(nonconvergent) beam. Besides, if the condition 
M\Ey)x «1 is satisfied everywhere in the target then the 

dose field depends on the only spatial variable r. In this 
case the solving of the inverse problem is facilitated and 
one can reconstruct the dose field efr) by indications of 
the only detector [1,2]. 

For ionization loss of nonrelativistic proton with energy 
E fi-om lOMeV to 200 MeV, one can use the 
approximate      expression       dE/dxx-B/E       where 

B==2-10V, MeV^cmV'- Within the framework of this 
approximation, the expression for the dose field of a 
focused proton beam is 

Ax,r,t)-- 
NBGXE \E'^-2BX)    <p{t)e     ^  f 

+Ar' 

V£^-2B(X-AX) 
;r R' 1 — 

/ 
+ Ar^ 

.(6) 

where N is the number of protons in the beam pulse. 
Ax ar 1.3 cm is the fitting parameter of the model. Limit 
/ -»00 corresponds to the case of the pencil beam. 

Brought dose field characteristics are the initial 
information for simulating thermoacoustic response of a 
target. This simulation helps solve the basic problem: to 
reconstruct in vivo or in phantom position, form and value 
of dose field by thermoacoustic response of the target. 

3.3 Numerical Estimations 

Consider the thermoacoustic responses of biological 
tissue on pulsed electron, X-ray and proton irradiation. 

The estimation of absorbed dose of relativistic electron 

beam is e, « —^Zio>,P. where Xwn « 2 MeV-cmVg is the 

linear energy loss of relativistic electron , A'^ - is the 
number of electrons in the pulse. Assuming N^= 10'°, 
R =1 cm, /7=1 g/cm', we have s^ = 1 Gy. The stress pulse 
value a in case of one-dimensional dose field can be 
estimated by (4). Assuming T = 0.2 we have <T« 100 Pa. 

For bremsstrahlung beam generating by electron beam, 
the   estimation   of  absorbed   dose   is   the   following 

TTR" 
■. Here k^ is the conversion coefficient 

of electron to gamma energy. Assuming E^ =8 MeV, Ey = 
0.4 MeV, k^= 0.1 [4], K= 10'°, /4„ = 0.03 cm"", R =1 cm 
we have Sy « 0.03 Gy. One can estimate the stress pulse 
value fi-om instant cylinder photon beam by equation 

<y{l)» 0.32. Ts{Rlijl^ (l + s^T^JAR^)'". Assuming 

T=0, r = 0.2, R = 0.5 cm, / =5 cm we have cr» 0.5 Pa 
that is approximately in ten times exceeds threshold of 
sensitivity of wideband acoustic detector with passband 

from 0 to 0.5 MHz at room temperature [2]. The use of 
high-intensive and focused electron beams permits 
obtaining X-ray beams that in 100 to 1000 times exceed 
the above. On the other hand, they are not harmful 
because produce dose £•< 1 Gy to be small compared with 
really used therapeutic doses. 

The proton energy loss increases considerably at the 
end of its range (so-called the Bragg's peak). The 
absorbed dose estimation by (6) in the Bragg's peak for 
the proton beam with N= 10'° and /?= 1 cm results the 
value ^=i20Gy. Given the focusing and the Bragg's 
peak effect the absorbed dose in focus can exceed 
considerably the external one. So one can use expression 

cr{l)«Q2\-Te{Rll% + s'^T^lAR'y to be valid in the 
wave zone of the spherically symmetric Gaussian dose 
field. Assuming T=Q,T = 0.2, R = 0.5 cm, / =5 cm we 
have cr« 80 Pa 

The accuracy of positioning of flat, cylinder and 
spherical    dose   fields    is    approximately    equal    to 

Ar « y/? + (STIT) if one can neglect sound absorption 
and dispersion. 

4 CONCLUSION 
On the basis of authors' experience in thermoacoustic 

dosimetry of unmoved and scanning pulsed radiation 
beams [1,2], the method and possible scheme of 
radiation-acoustic monitoring of therapeutic beam in 
patient's body was considered. 

Parallel indications of several wideband acoustic 
detectors connected to patient's body or to phantom 
permit determining position, form and value of dose field 
during irradiation. The estimations have shown that really 
used therapeutic doses are much more then those 
necessary for reliable thermoacoustic dosimetry. It 
validates realizability and safety of the proposed method. 
Sound absorption and dispersion as long irradiation time 
and presence of reflected pulse impair the accuracy of 
determination of above characteristics. 
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CLOSING IN ON THE DESIGN OF THE BESSY-FEL* 

D. Kramer for the BESSY PEL Design Group*, BESSY, Berlin, Germany 

Abstract 
The SASE-FEL at LEUTL (APS) [1], the demonstration 
of SASE laser saturation at wavelengths below 100 nm at 
TTF (DESY) [2] and the operation of the HGHG-FEL at 
BNL [3] has stimulated proposals on future 4"^ generation 
light source user facilities in the VUV to soft X-ray 
spectral range and hard X-rays worldwide, refs. [4-10]. 

The BESSY Soft X-Ray PEL is planned to be built next 
to the 3"* generation BESSY II light source, covering the 
spectral range 62 nm to 1.24 nm. A superconducting 2.25 
GeV linac will supply three independent FEL-lines with a 
highly flexible electron-bunch pattern; the use of APPLE 
II type undulators will deliver variable photon-beam 
polarization. These SASE-FELs will permit 
unprecedented spectral-, spatial- and temporal resolution 
for user experiments. 

A Status of the design work is presented in the paper. 

INTRODUCTION 
The scientific case for the BESSY-FEL was published 

in 2001 [11]. The technical features of the Soft X-Ray 
FEL will guarantee a tremendous improvement compared 
to present day synchrotron radiation and conventional 
laser facilities. 

The laser-like coherent radiation with extremely short 
pulses will extend existing research techniques to ultra- 
short time resolution for investigations of the electronic 
structure of matter. The intrinsic pulse duration 
determined by the electron pulse will be shortened to less 
than 20 fs. This opens the field for unprecedented studies 
on the structural and electron dynamics of systems. 

The flexible time structure provides various 
possibilities to synchronize the FEL with external laser 
sources to perform unique pump-probe experiments. The 
pulse peak power of a few GW will enable the study of 
non-linear properties of matter, while non-linear processes 
involving core electrons localized at individual atomic 
centers, are adding a totally new quality to experiments. 

• M. Abo-Bakr, W. Anders, R. Bakker*, J. Bahrdt, K. Burkmann, O. 
Dressier, H. Dunr, V. Durr, W. Eberhardt, S. Eisebitt, J. Feikes, R. 
Follath, A. Gaupp, M. v. Hartrott, K. Holldack, E. Jaeschke, Th. 
Kamps, S. Khan, J. Knobloch, D. Kramer, B. Kuske, R Kuske, F. 
Marhauser, M. Martin, A. Meseck, G Mishra\ R.MuUer, M. Neeb, K. 
Ott, D. Pfluckhahn, H. Prange, T. Quast, I. Will*, G Wustefeld. 

^DAW, Indore, ' Max-Bom-Institut, ^now Sincrotrone Trieste 
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(BMBF), the ,Land Berlin', and the ,Zukunftsfonds des Landes Berlin'. 

THE SOFT X-RAY FEL 

General Layout 
The general layout of the FEL facility is shown in fig. 

1. Bunches of electrons are generated in a normal 
conducting 1.3 GHz RF-photoinjector at a normalized 
emittance of 1.3 Tcmm-mrad at a charge of up to 1 nC with 
a typical pulse length of Oirms = 2000 \xm. Repetition 
frequency of the injector is 1000 Hz. The bunches are 
compressed in two stages (BCl and BC2). In BCl the 
bunch is shortened by a factor of 10 at an energy of 200 
MeV while in BC2 the 715 MeV beam is compressed by 
a factor of 4 resulting in a final bunch length of 50 ycm 
rms. The peak current thus is about 5 kA. A 
superconducting CW linac based on the TESLA design 
accelerates the beam to suitable energies which are 1.875 
GeV for the "Low-Energy-" and "Medium-Energy FEL" 
while the "High Energy FEL" operates at variable 
energies of 1.5 to 2.25 GeV. 

Bunch- 
compressor II 

10um 

Undulators 

Fig. 1: Overview on the FEL adjacent to the present 3"* 
generation SR-source BESSY II operational since 1998. 

0-7803-7738-9/03/S17.00 © 2003 IEEE 
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To cover the photon energy ranges of 20 to 300, 250 to 
550 and 500 to 1000 eV, undulators of length up to 60 m 
will be installed. Eight beamlines of up to 80 m distance 
between undulator exit and target station were designed. 
Four beamlines are optimized for short pulse techniques 
as XPS, UPS and PEEM, while others are for high 
resolution experiments as HR-PES, XRMS and RIXS. 

To save space for future activities a 85 m zone towards 
tiie site boundary is presendy not used, made possible by 
folding the linac with a 180° bend in-between BCl and 
BC2. 

Start to End Simulations 
The code ASTRA [12] is used to evaluate the beam 

emittance in the injector region up to BCl. Simulation of 
coherent synchrotron radiation in the bunch compressors, 
in the 180° bend and for single particle wakes in the linac 
structures were carried out with ELEGANT [13] to derive 
realistic beam parameters at the entrance to the 
undulators. To study the SASE-process time-dependent, 
the code GENESIS [14] was utilized. Figure 2 gives 
typical results for the most demanding case: the 1 keV 
beam at the HE-FEL; plotted are output power along the 
undulator, pulse duration, radial beam-size and photon- 
beam spectrum. 

Uniijialoriiclran \m\ 

-\ 
^\ 

Tone Ipil 

' 
3 HE-FEL   1 

S   tt. 

t> :-' 
2  " 

z .J(m,':... . *i'>*Aiiyii'' 

Figure 2: Results from Start to End simulations. Top 
graphs, left hand: output power along the undulator, 
right hand: photon pulse duration. Lower graphs, left 
hand: radial size of the photon beam at saturation, right 
hand: photon beam spectrum. All calculations apply for 
a 1 keV (1.24 nm) photon-beam. 

Starting with a normalized beam emittance of 1.3 n 
mm-mrad at the gun exit, insignificant dilution of phase 
space occurs up to the end of the linac. As the FELs 
photon-energies span wide ranges, the active lengths of 
the undulators have to be adjusted according to the 
saturation-length. Thus the undulators are segmented to a 
typical length of 3.5 m by independent gap drive. More 
than 50% of the segments have to be opened in the case 
of the long wavelength limit at the 'Low Energy PEL', 
e.g. at 20 eV. 

Table 1 gives a summary of major undulator- and 
photon-beam parameters for the three FEL lines. 

Table 1: Summary of undulator- and FEL performance 
parameters for the three FEL lines. Values are listed 
according to their operation range e.g. for rms beam size 
a and divergence CT'. 

Parameter LE-FEL ME-FEL HE-FEL 

Photon energy (eV) 20 - 300 270 - 550 500-1000 

U-period (mm) 66 36.5 27.5 

K-value 4.3 - 0.82 1.5-0.80 0.82 

No. of periods 312-728 864 -1344 1560 -1820 

Output power (GW) 10-2 5-1 2.5 

Peak brilliance 
(s-mm'-mrad^-0.1 % bw) 

3.8-10''- 
0.4-10" 

1.5-10" - 
0.3-10" 

2.5-10" 

Pulse duration (fs) 40-50 -40 -40 

arms(Hm) 110-230 -80 -80 

a'n,^(Hrad) 12 - 105 -13 -12 

Detailed studies on tolerances have been performed 
using GENESIS in time-independent mode. The influence 
of rms-beam wander caused by different sources on the 
saturation power is displayed in figure 3. As expected, 
beam wander should not exceed 20% of the electron beam 
radial size in order not to decrease saturation power. 

Y offset 

i.a- 

2.6- <fc^:2i-.- 
?4- 

22- angle in Y     vvTX  / 
2.0- v?^ 
1.8- 

1.6- /    v\ X offset             \         \ 
1.4- \ V 
1.2- \   ^ 
1.0- 

"—X angle i 

0.8- 
QDX 

0.6- 
0.00m IS.OOjjm SOOOum 46.00Mm 

rms beam wander 

Figure 3: Influence of beam wander on saturation 
power caused by horizontal and vertical quadrupole 
misalignment (QDX, QDY), electron beam position 
offset (X offset, Y offset) and angle error (angle in X, 
angle in Y) at the undulator entrance. Calculations 
apply for the HE-FEL. 

The n.c. Photoinjector 
Generation of electron beams at a charge of up to 1 nC 

at a normalized emittance of approximately 27i mm-mrad 
has been demonstrated within the PITZ collaboration 
[15]. 

Based on this n.c. photoinjector a high power gun- 
cavity is developed to operate at a repetition frequency of 
1 kHz in short bunch mode. 100 kW of input power are 
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needed to generate a gradient of 40 MV/m at the cathode 
surface, essential to achieve small beam emittance. The 
cavity, see fig. 4, will be tested at the PITZ facility. 

Figure 4: Temperature distribution in Vi of the gun- 
cavity when operating at an input power of 100 kW. 

The s.c. Photoinjector 

In order to fully exploit the capabilities of the CW linac 
generating a free selectable bunch pattern, a super 
conducting photoinjector is required as a phase II upgrade 
for the BESSY Soft X-Ray PEL 

A collaboration of FZR Rossendorf, MBI and BESSY 
presently started to work on an improved s.c. gun, based 
on recent work [16]. 

The s.c. Linac Modules 
For the linac superconducting modules of the TESLA 

type [17] will be used. The modules of 12 m length are 
equipped with eight 9-cell cavities, delivering an energy 
of 125 MeV to the beam at a gradient of 15 MV/m. 

2K 2ph line 

^nnection tube 

Fig. 5: Cross section of the TESLA cryo-module. The 
2-phase-LHe line and the connection to the LHe-bath 
cryostat will be modified for CW operation. 

There will be 18 modules grouped into three sections to 
accelerate the beam to 1.875 and 2.25 GeVrespectively. 

Detailed studies on the CW operation mode show that 
minor modification have to be introduced to the original 
design as a consequence of the 40 times larger cooling 
requirement at 2K, see fig. 5. The dimensions of the 
connection tubes from the cavity-LHe tank to the 2- 
phase-2K-He-retum line and the return line itself have to 
be increased. 

In preparation of qualifying s.c. linac components for 
CW operation mode, a horizontal bi-cavity test stand is 
set up. The stand [18] enables detailed studies on 
operation and RF control of the cavities at high loaded Q, 
controlling of micro phonics and test of fast piezo-tuners. 
Also couplers and tuners will be tested under realistic 
conditions. 
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ANALYSIS OF THE HOM DAMPING WITH MODULATED BEAM IN THE 
FIRST PROTOTYPE OF SUPERSTRUCTURE 

P. Castro*, A. Gossel, S. Schreiber, J. Sekutowicz, M. Wendt, DESY, 22603 Hamburg, Germany 
N. Baboit, SLAC, CA 94025, USA, G. Devanz, CEA-Saclay, France 

Abstract 

Superstructures, groups of weakly coupled cavities fed 
through a single power coupler, are currently investigated 
as a more cost effective alternative to the 9-cell TESLA 
cavities. Two Nb prototypes of the superstructure have 
been built, consisting of two 7-cell cavities, and installed 
in the TESLA Test Facility at DESY. The HOM damping 
of these superstructures has been investigated with a mod- 
ulated beam using the method described in [1]. A charge 
modulation imposed on the 54 MHz bunch train excites 
HOM at frequencies n • /b ± f^^^, where n is an integer, 
fb = 54 MHz is the bunch frequency and /mod is the charge 
modulation frequency between 0.5 and 27 MHz. The ef- 
fects of the excited HOMs on the beam transverse position 
are observed at a downstream BPM, followed by a direct 
analysis of the modes at the HOM couplers. 

INTRODUCTION 

An alternative layout of the TESLA Linear Collider [2], 
based on weakly coupled multi-cell superconducting struc- 
tures (so-called superstructores) reduces cost due to a sim- 
plification of the 1.3 GHz RF system. The concept of su- 
perstructures is discussed in more detail elsewhere [3, 4]. 
Two 2x7-cell superstructures have been installed in the 
TESLA Test Facility (TTF) linac downstream of the injec- 
tor. The goal of this test is to proof experimentally the ex- 
pected performance of superstructures in terms of energy 
stability. Higher Order Mode (HOM) damping, frequency 
and field adjustment methods. An overview of the test re- 
sults is given in [5]. The investigations of the HOMs of the 
superstructures with modulated beam are presented here. 
A HOM study on superstructures has been accomplished 
in combination with two other methods described in [5, 6] 

MEASUREMENT PRINCIPLE 

The principle of the experiment [1] is to excite HOMs 
resonantly by modulating the bunch charge of a long train 
of bunches which travels through the cavities with a trans- 
verse offset. The charge modulation generates side-bands 
around the bunch harmonics n ■ ft,, with n an integer and /j 
the bunch frequency. A HOM with a frequency /HOM that 
coincides with one of the side-band frequencies n-ft±fmoi 
will resonate (see Fig. 1). Once excited, the HOM deflects 
the next bunches in the train. Thus, the transverse position 

* pedro.castro@desy.de 
t On leave from NILPRP, PO Box MG-36,76900, Bucharest, Romania 

of the bunches observed with a BPM located downstream 
of the module is modulated with the frequency /mod- Vary- 
ing slowly the modulation frequency between zero and 
/b/2 all modes with high impedance can be found. This 
method has been previously applied in 1998 [7] and in 2001 
[8] on 9-cell TESLA cavities in the TTF linac. 

f = "Xfb±fmod 

frequency 

Figure 1: Spectrum of the modulated charge in the bunch 
train. 

EXPERIMENTAL SETUP 

The TTF injector is based on a laser driven RF gun [9]. 
Short UV laser pulses illuminate a CsKTe photocathode 
and produce a train of electron bunches with high peak cur- 
rent. For this experiment, the laser system [10] was modi- 
fied to deliver 54 MHz pulse trains with a modulated charge 
up to 80% in the frequency range between 100 kHz and 
27 MHz. The bunch train has a duration of 400 /xs with an 
average beam current of about 2 mA. 

The beam position inside the superstructures has been 
horizontally and vertically displaced using dipole correc- 
tors located upstream (see Fig. 2). When a HOM is ex- 
cited, it kicks the beam and the induced bunch-to-bunch 
oscillations are detected using a re-entrant cavity Beam Po- 
sition Monitor (BPM) and a stripline BPM located down- 
stream. The difference signal between opposite anten- 
nas/electrodes is filtered at the appropriate frequency using 
a spectrum analyser in zero span mode. During the first 
200 us of charge modulation, the BPM difference signal 
is dominated by the charge variation itself. For the last 
200 fis, the beam current is constant and the amplitude of 
the signal corresponds to an oscillation in the beam posi- 
tion along the bunch train caused by the deflecting HOM. 
An example can be seen in Fig. 3 for the modulation fre- 
quency /mod = 16.981 MHz. 

The determination of the HOM frequency has been done 
by picking up the signal at the three HOM couplers at- 

0-7803-7738-9/03/$17.00 © 2003 IEEE 1086 



Proceedings of the 2003 Particle Accelerator Conference 

2x7-cell superstructures in one cryo. module        wideband BPM 

w        ir 

spectrum analyser 

u u u 
spectrunranalyser 

Figure 2: Schematic layout of the experimental setup. 

0       0.05;    0.1      0.15     0.2 ;   0.25      0.3     0.35     0.4 i    0.45      0.5 

time [ms] 

Figure 3: BPM difference signal filtered with a spectrum 
analyser. 

tached to each superstructure. The spectrum analyser is 
used again in zero span mode and scanned through the sig- 
nals of the HOM couplers. All frequencies n ■ fi, ± /mod 
situated in (or close to) the frequency ranges of the first five 
dipole passbands are scanned. Thus, the mode frequency is 
identified and the Q value of the resonance is determined 
from the decay-time of the signal. An example of the sig- 
nals obtained is given in Fig. 4. 

1       1       1 
-■""SSI-S, HOM coupler #1 

H :>^  SSI -5. HOM coupler #3 

—SS3-6, HOM coupler #1 

SS3-6. HOM coupler #2 

■—SS3-6. HOM coupler #3 
.'^---.^''-r^ 

■" ■^ =>- 
1 " -«,... ^^5> a «j ^__ 
1  . U^--. 

■»■■--..,. 
"<a ̂  K^. 

1 '•'^"'i*>» %ft^ ^N 
A,.ni a.jlJiti^. 1.1^^^ m. 'M... dAJ LXMiji.liJlJJ 

-100 iMJikMMiikiiimiMMmMd^MM 
time rmsl 

Figure 4: An example of the signals from the HOM cou- 
plers of the first superstructure SSl-5 and of the second 
superstructure SS3-6 at 3076 MHz. 

RESULTS 

A scan over all frequencies between 0.5 MHz and 
27 MHz has been done in both horizontal and vertical 
planes, in order to cover modes of any polarization. The 
results are shown in Fig. 5. The amplitude of the oscilla- 
tions induced by the excited HOM(s) after 200 fj,s of charge 
modulation is plotted as a function of the modulation fre- 
quency. The beam offset and charge are slightly different 
in the two scans, and therefore the amplitudes of the reso- 
nances can not be compared directly, but with an appropri- 
ate factor. 

15 20 25 
modulation freouencv TMHzl 

Figure 5: Beam oscillation amplitude after 200 fis charge 
modulation as function of the modulation frequency. Upper 
plot: horizontal scan. Lower plot: vertical scan. 

About 90 modes have been excited and detected using 
this method. The mode frequency has been obtained from 
the HOM signals. The Q value is obtained from the decay 
time of the HOM signal. The results are compared with 
the measurements made with the network analyser [5]. An 
example of this analysis is shown in Fig. 6 for the range of 
modulation frequency between 26.0 MHz and 26.4 MHz. 
Not all HOMs are detected with this method. Modes with a 
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decay time shorter than 4 /xs could not be observed with this 
technique, but are in general not dangerous for the beam. 

26.05      26.1      26.15 26.2      26.25      26.3      26.35      26.4 
modulation freauencv TMHzl 

Figure 6: Example of a zoom into Fig. 5 (lower plot) where 
the amplitude of the vertical beam oscillation versus the 
modulation frequency is shown. Vertical lines correspond 
to the frequencies measured with the network analyser. 

In the frequency range of Fig. 6, three of five expected 
modes have a high impedance Z = (R/Q) ■ Qext, as it 
is shown in Fig. 7. Two are dipole modes (at approx. 
2.573 GHz, marked with larger triangles) and one is a 
quadrupole mode (at approx. 2.3 GHz, the second from 
the left). The decay time of both dipole modes is about 
1 fis and they are not seen in the scan of the frequency 
modulation. The only enhanced and remaining peak is the 
quadrupole mode which has a decay time of about 100 fxs. 
The damping of both dipole modes was confirmed with the 
decay of output signals from the HOM couplers. The other 
two expected modes shown in Fig. 7 were not excited due 
to their low impedance. The search of other high (R/Q) 
modes has been performed in similar way. 

♦ decay time     o Z=(R/Q)Qext     » f_i 

26.0 26.1 26.2 
fmod [MHz] 

26.3 26.4 

Figure 7: Decay time r and impedance Z of modes shown 
in Fig. 6 (vertical lines). 

CONCLUSIONS 

The investigations on the HOM damping of the super- 
structures with modulated beam together with two other 

methods described in [5, 6] have proven that all dipole 
modes relevant for the TESLA colUder (up to 2.58 GHz) 
are well damped by at least a factor of 5 better than spec- 
ifications (Qext < 10^). Four modes out of 420 mea- 
sured modes were found to have a large Qext of 10'^ to 
2-10^. These modes are in the 5th dipole passband at about 
3.08 GHz. Their (R/Q)s are almost zero and therefore they 
do not degrade the quality of the TESLA beam. 
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OPERATION OF THE LEP CW KLYSTRONS IN PULSED MODE 

Daniel Valuch, CERN, Geneva 23, CH-1211, Switzerland 

Abstract 
For possible future accelerator projects, as, e. g., the 

Super-Conducting Proton Linac, SPL, at CERN, it would 
be desirable to reuse as much of the LEP/RF equipment 
as possible. In the SPL, as in other proposed proton 
linacs, pulsed operation is required with RF pulse-lengths 
varying between 1 and 3 ms and a pulse repetition rate of 
50 Hz. The LEP klystrons are equipped with a modulation 
anode by means of which their beam current and hence 
the output power can be controlled. In LEP the klystron 
output power had to be varied very slowly when the 
energy was ramped. In order to keep a high efficiency 
also in pulsed mode the rise- and fall-time of the beam 
pulse in the klystron should be considerably less than 
lOO^s. This goal was achieved by modifying the tetrode 
modulator, the HV line between modulator and klystron, 
and the filter network of the HV power supply. 

SPICE simulations were performed to evaluate the 
optimum values of capacitors and inductors in the HV 
filtering network of the LEP lOOkV, 40A power converter 
when a specified DC pulse shape is required and up to 
eight klystrons are to be powered by one HV supply. 
These simulations are presented, together with the 
experimental results obtained on a modified LEP 
klystron/power converter assembly. 

INTRODUCTION 
For reasons of economy, the power converters for the 

LEP klystrons have been designed such that two klystrons 
could be operated by one high voltage (HV) unit. The 
rated output of this power converter is lOOkV and 40A. In 
order to generate 1.3MW of RF power fi-om a LEP 2 
klystron, an operating voltage of lOOkV and a beam 
current of 20A was required. 

Each LEP klystron is equipped with a modulation 
anode (MA). By means of the MA voltage, the klystron 
beam current and hence its output power can be varied. 

In LEP operation, the klystron output power was only 
varied during beam energy ramping. The ramping from 
injection to top energy lasted a few minutes during which 
the klystron power had to be increased from about 50kW 
to IMW. 

In pulsed operation the requirements for the modulation 
anode circuitry, with respect to the LEP operation mode, 
change dramatically in that its time constant must be 
lowered by about a factor of one hundred. 

HV lOOkVMOA power supply 

One HV supply module was designed to power 2 
klystrons in parallel, which means output voltage up to 
lOOkV and output current up to 40A. 

The power supply consists of four modules: 

2. 

3. 
4. 

18kV/lkV step-down extended-delta transformers. 
There are two transformers used, of which the first 
one   shifts   the   phase   between   primary   and 
secondary by H-30 degrees, and the second one by 
-30 degrees. By this phase shift, 3 input phases are 
converted into 6 phases at the IkV output side. 
Two 3-phase thyristor bridges which are working 
in parallel. The control of the power converter 
output voltage is done in this module. 
Two lkV/50kV step-up transformers. 
Rectifier   and   filtering   choke.   Both   step-up 
transformers are connected in series to obtain 
output voltage from zero to lOOkV DC. There is a 
5H filtering choke installed in same the oil tank as 
the diode rectifier bridge. 

STbP-DOWN p^.. 
TRANSFORMER 6_ j >>f |_ [ 

ISkV/lkV \^\ l_^-_r ( 
3/6 phas^ hf^-- 

STEP-UP       r 
TRANSFORMER 

lkV;2x50kV 
6/5 phases     !_ 

—fii 3H' 

T KLYSTRON 1 
CW opa ration 

.KLYSTRON 2 
CW operalion 

Figure 1: LEP HV system configuration 

of the Each of these modules  with the exception 
thyristor bridges is housed in a separate oil-tank. 

Two-way rectification of each phase results in a 12 pole 
system with a 600Hz ripple, which lowers the 
requirements for output filtering choke and capacitor. 

The power converters have been installed at the 
surface, and connected to HV interface bunkers by up to 
600m long HV cables. The fire-proof HV bunkers, which 
were located next to the respective klystrons, housed the 
modulators, the 2nF decoupling capacitor, thyratron 
crowbar and HV commutator switch (see figure 1). 

Modulation anode power supply 

The LEP klystrons have been equipped with a 
modulation anode. By varying its voltage the klystron 
beam current, and hence its output power can be 
controlled while keeping RF drive level and operating 
voltage constant. 

In LEP an adjustable resistive voltage divider was used 
(see figure 2). The variable resistor consisted of a 
TH5186 tetrode. Since only slow changes of MA voltage 
were needed in LEP, the tetrode was used in triode mode 
requiring less electronics. Less equipment in oil and at 
high-voltage potential gives higher reliability. 
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Figure 2: LEP klystron modulator circuitry 

The resistors forming the MA voltage divider have had 
relatively high values to keep the thermal power 
dissipation in the oil tank as low as possible. 

The HV cable connecting the modulator tetrode with 
the klystron modulation anode was 25m long, 
representing a total capacity of 5nF. Together with the 
tetrode anode resistor of 5MQ, this capacity fixes the time 
constant of the modulation anode system to 25ms. 

Because the tetrode is at cathode potential, all control 
signals must be galvanically insulated. For this reason an 
optical fibre was employed. A signal, the firequency of 
which was proportional to a control signal, was sent via 
the optical fibre to the electronics of the tetrode grid. 

For pulsed operation with millisecond pulses, the time 
constants of the system must be reduced significantly. 
This requires a complete redesign of the tetrode 
modulator circuitry. 

PULSE OPERATION OF LEP CW 
SYSTEM 

In order to operate the LEP/RF CW system in pulsed 
mode the following items must be modified or rebuilt: 

The modulator 
The   interconnection  between   modulator  and 
klystron 
The HV power supply filtering network 

For economy, it is envisaged to re-use as many LEP RF 
components as possible. 
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Figure 3: HV system for pulsed operation of the klystrons 
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Modulator modifications 

As discussed earUer, the modulator electronics and the 
cable connection to the klystron determine the speed of 
the whole circuit. 

First, the tetrode electronics was redesigned. To 
increase its current capability, the short circuit between 
screen and control grid was removed enabling operation 
of the tube in tetrode mode. An additional stabilized 
power supply for the biasing of the screen grid had to be 
installed. 

The voltage multiplier for the control grid was replaced 
by a stabilized power supply with a fast linear voltage 
regulator. With these modifications, 70kV pulses with rise 
and fall times of 100ns at the modulator output could be 
generated. 

MODULATION 
ANODE 

Figure 4: Modified modulator circuitry 

The anode resistor has been lowered by a factor of 
more than three to its final value of 1.5MQ. The lower 
limit for the anode resistor value is determined by the 
maximum acceptable power losses in the modulator tank. 
At RA=1.5M£2 and UcA-m=90kV more than 5.5kW are 
dissipated which must be extracted by a oil-to-water heat 
exchanger. 

HV interconnection cable between modulator 
and klystron 

The capacity of the HV cable used in LEP is 200pF per 
meter, and the input capacity of the modulation anode is 
130pF. These capacities are the main limitations for short 
rise and fall times of the modulation anode pulses. The 
only possibility to reduce the capacity of the link between 
modulator and klystron was to make the HV cable as 
short as possible and remove its shielding. 

By shortening the cable to 3 meters, and removing the 
shielding, a rise time of 600(j,s and a fall time of lOOfis 
were achieved. 

It would be desirable to integrate the tetrode with the 
HV resistors in the oil tank attached to the klystron gun. 
However, this would require a bigger oil tank. 

High voltage feeding system modifications 

The filtering network of the LEP 100kV/40A power 
converter consisted of a 5H choke and a 2}iF capacitor. In 
order to operate klystrons in pulsed mode with a power 
supply designed for continuous mode a special filtering 
network must be installed. This network must isolate as 
far as possible the varying load fi-om the power supply. 
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For that reason, most of the pulse energy must be stored 
in capacitors located close to the klystron. These 
capacitors provide the peak current required for the 
pulsing of up to eight 1.3MW klystrons, and are charged 
by the rated current of the power supply (40A) during the 
idle period. 

The filtering choke together with the capacitor form an 
L-C network, which tends to oscillate when operate^ in 
pulsed mode. These oscillations could cause voltage 
overshoots, which are dangerous for the klystrons. Special 
care must be taken in designing an appropriate filtering 
network. 

SPICE simulations were used to find the voltage drop 
and circuit current during the pulse as a fiinction of 
capacity installed per klystron. Results are shown in table 
1 and pictures 5,6 and 7 (conditions for simulations - 
UcATH=90kV, 6 klystrons, 20% duty cycle, 50Hz 
repetition rate). 

Table!: SPICE simulated currents and voltages 
Capacity 

per 
klystron 

Cathode voltage Klystron current   | 

Uavg(kV) 
Ripple 
(kV) 

lavg(A) 
Ripple 

(A) 
2uF 90 29.2 25.8 15.9 

2.6uF 90 21.2 26.2 11.2 
3.3M.F 90 16.8 26.4 8.6 
4uF 90.1 13.7 26.5 6.9 

Klystron 
Capacitor 

Figure 5: Circuit currents 

Figure 6: Klystron cathode voltage 

DC power j 
RF power 

Figure 7: Klystron DC and RF power 

MEASURED RESULTS 
Measurements were done in view of a possible 

application in SPL, i.e. at a pulse repetition rate of 50Hz 
and pulse width of 5ms up to a peak power level of 
850kW. No wanning up of the oil-insulated capacitors 
could be observed. The output RF pulse followed the 
pulse supplied to the modulation anode of the klystron 
(see figures 8-11). 

Figure 8: Shape of the RF pulses using LEP modulator 

Figure 9: Detail of the pulse generated by the LEP 
modulator 

Figure 10: Shape of the RF pulses using modified 
modulator 

Figure 11: Rise and fall times of the RF pulse provided by 
the modified modulator 
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FERRITE EVALUATION FOR AHF PROTON SYNCHROTRONS* 

J. T. M. Lyles^ L. J. Rybarcyk, LANSCE, J. F. Bridges, TechSource, 
Los Alamos National Laboratory, Los Alamos, NM 87545, USA 

Abstract 
The Advanced Hydrotest Facility (AHF) proton 

synchrotrons are likely to use parallel-biased, Nickel-Zinc 
ferrite cores in accelerating cavities. The Booster 
frequency is anticipated to be in the range of 0.32 - 1.25 
MHz, depending on the choice of final energy and design, 
while the 50 GeV Main Ring (MR) frequency range is 4 - 
5.03 MHz. Experiments were conducted to characterize 
the response of large rings of Ferroxcube 4M2, 4B3 and 
8C12 ferrites over these frequency ranges. Testing of 4M2 
for the Booster revealed degraded performance due to the 
nonlinear response of incremental permeability at 
elevated flux densities [1]. This constrains the operating 
voltage to a range well below the thermal power limits of 
the material. The 4M2 and 4B3 material appears to be 
satisfactory for the MR. The 8C12 material is satisfactory 
for the Booster if it is operated below the threshold of a 
high loss effect. The final cavity designs will be based 
upon the results of ferrite measurements from the test 
cavity, for the requirements of the AHF accelerators. 
Testing methods, analysis and results will be presented. 

ADVANCED HYDROTEST FACILITY 
The AHF will allow for quantitative proton radiography 

for hydrodynamic tests and dynamic experiments in 
support of the stewardship of the nuclear weapons 
stockpile. The proton accelerators are comprised of an H- 
injector linac, a Booster synchrotron and a 50 GeV MR. 
The LANSCE 800 MeV proton linac or a new 157 MeV 
linac are being considered for the injector. Also under 
consideration is either 4 or 9 GeV (h = 1 or 2) booster 
design. A significant portion of AHF consists of beam 
transport lines with splitters and multiple imaging systems 
at hydrotest firing sites. 

Radio Frequency Systems 
The Booster designs under consideration cover a 

frequency range of 0.32 to 1.25 MHz, with maximum 
voltages of 39 to 72 kV/tum. The MR frequencies range 
from 4 to 5.03 MHz, depending on the Booster injection 
energy. The maximum voltages are from 170-210 
kV/tum. 

It is expected that the RF cavities will use conventional 
Ni-Zn ferrite cores in a parallel biased arrangement. The 
ferrite will be arranged around the beam tube inside the 
coaxial cavity, in a foreshortened X/4 transmission line 
structure. A capacity-loaded gap completes the LC 
resonant circuit. This type of cavity is commonly used for 
proton synchrotrons in this range of frequencies. Co- 

Work supported by the NNSA under US Department of Energy 
contract number W-7405-ENG-36. 
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located drivers will use tetrodes to provide the RF 
excitation to the cavities. 

FERRITE TESTING 
We investigated three compositions of ferrite from 

Ferroxcube. Ferrite types 4M2, 4B3 and 8C12 are all 
candidates for the two machines, and pairs of large 
sample cores with 0.5 m outer diameters were obtained. A 
table-top cavity was constructed to drive several cores of 
ferrite at realistic magnetic flux densities. This cavity is a 
coaxial enclosure made from rolled and welded sheet 
aluminum. It has a short aluminum tube for a center 
conductor with a thin copper disk at the upper end. This 
disk connects a ring of radially-oriented ceramic or mica 
RF capacitors attached to the outer walls of the cavity. RF 
voltages are developed across these low loss capacitors. 
Several matching networks were constructed to provide 
approximately 50£i impedance to the power amplifier at 
either 1 or 5 MHz. Power amplifiers of up to 1 kW output 
power have been used. All testing was done at room 
temperature without supplemental cooling, by keeping the 
operating RF pulses under five seconds at a very low duty 
cycle. Fig. 1 shows a simplified diagram of the test cavity 
with associated RF instrumentation. 

DqiMitv, ^ 
NetweA 

■B'mptjl 

NciMikAiulynf Source 

Figure 1: Diagram of Ferrite Test Setup 

In the test cavity the RF magnetic flux density (B^) is in 
the same direction in both cores by way of RF current in 
the center post, while the DC bias winding uses a 'figure- 
of-eight' configuration for opposite sense in each core. 
The RF current induced in each bias winding is cancelled 
at the common leads. Residual current due to asymmetry 
of the layout and lead pickup is blocked with a low-pass 
filter. Multiple bias windings around the cores provide up 
to 1110 Amp-turns with a compact lab current source. 
Susceptibility to stray resonances is a disadvantage of 
having a multi-turn bias winding. In general these were 
located above the fundamental resonance and therefore 
not a problem for our tests. 

In figure 2, Agilent network analyzers and the cavity 
with matching networks are seen left of center; power 
meters and data acquisition system are on the right. 
Several high power amplifiers are located on the far right. 
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Figure 2: Photograph of Ferrite Test Setup 

Determination ofu ',Q and u 'Qf 
We developed a data-reduction method to extract the 

desired ferrite parameters from the RF measurements. The 
quantities of interest are the relative permeability (fx',) of 
the ferrite, the quality factor (Q) of the ferrite, and ^'Qf 
We benchmarked our results against published 
measurements of 4M2 ferrite at 2 MHz with no bias [2]. 
The results showed excellent agreement. 

 -y/ 
p T w i 

i 
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1- - ' 

r2 I 
Figure 3: Axially Symmetric Model of Cavity 

A physical model of the electrically-short cavity (fig. 3) 
was used to derive an expression (eq. 1) for /<' for the 
ferrite cores: 

fi\ = l + L. 
i 

1 

N-t„„ 
1 

f r \ 
In -^ 

(1) 

The total capacitance was determined from a fit of the 
resonance data using several known capacitors across the 
gap using equation 2. 

'-iol ' \^exl "*■ ^stray' ~ ' i^^r (2) 

To determine Q and u'Qf, the equivalent shunt impedance 
is found by measuring the voltage and power, while 
ignoring cavity wall losses. The ferrite Q is then deduced 
from cavity Q and the ratio of inductances (eq. 3): 

'^ferr 
IP 

'total 

''fen 

-'total 

(3) 

The total  (ferrite)  inductance  is derived from the 
expression for the magnetic flux in the cavity (cores). 

Results with Ferrite 4M2, 4B3 and 8C12 
Ferrite types 4M2 and 4B3 were evaluated for both the 

MR and Booster frequency bands. 8C12 was evaluated 
only for the Booster frequency band due to its high 
permeability. A summary of the results are shown in Fig. 
4 through 9: 

Ferrite Permeability Versus Bias 
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Figure 4: Permeability vs. Bias with ~ 10 mW RF 
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Figure 5: uOf vs. Magnetic Flux Density 
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Figure 6: nQf vs. Magnetic Flux Density 
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4M2 at Booster h=2 Frequencies 
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Figure 7: nQf vs. Magnetic Flux Density 
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Figure 8: p.Qf vs. Magnetic Flux Density 
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Figure 9: Power vs. Voltage for Various Ferrites 

For the 9 GeV h=l Booster frequencies, the higher Brf 
drove the 4M2 material into a nonlinear regime in wrhich 
the observed resonance curve became distorted (left in 
fig. 10). This effect is caused by the location of the minor 
BHrf loop inside the major bias BH loop [1]. It would be 
problematic for control loops for the RF system, as gain 
would rise steeply around resonance in a phase detection 
process. The same plot shows the response at lower flux 
density. 4B3 and 8C12 also show evidence of this 
nonlinearity, but the effect is shunted by the lower ferrite 
Q. 4M2 is acceptable for the MR, but was eliminated 
from further consideration for the Booster. 4B3 is 
acceptable as a lower Q alternative (more power required) 
for the MR, but \i may be too low for the lower frequency 
booster design. Material 8C12 is suitable for both Booster 
designs. 
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Figure 10: Amplitude/Phase Responses of 4M2 
Ferrite at 0.614 MHz, with High and Low B^ 

We observed a high loss effect in the 8C12 ferrite, 
occurring when the flux density was high at certain bias 
conditions. It is related to stored energy in the ferrite [3] 
and was manifested as noise on the gap voltage and a 
significant drop in voltage during long pulses of RF. This 
can be problematic where the bias is held constant, such 
as during a plateau of the frequency program. Dynamic 
losses have not been determined at this time, but will be 
measured when a suitable bias ramping scheme is 
incorporated into the setup. All three of these anomalies 
must be well characterized and mitigated before designing 
full-sized cavities. 

SUMMARY 
We have developed an accurate measurement 

methodology to fully characterize ferrite cores for the 
design of cavities for the AHF Booster and MR. Three 
types of ferrite have been tested, and a summary of the 
results are presented. Material 4M2 or 4B3 appear 
satisfactory for the MR while 8C12 would be suited for 
the Booster cavities. 
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THE SNS LINAC HIGH POWER RF SYSTEM DESIGN, STATUS, AND 
RESULTS* 

D. Rees, J. Bradley III, K. Cummings, T. Hardek, M. Lynch, W. Roybal, R Tallerico LANL, Los 
Alamos, New Mexico, 87544 USA 

Abstract 
The Spallation Neutron Source being built at the Oak 

Ridge National Lab in Tennessee requires a 1 GeV proton 
linac. Los Alamos has responsibility for the RF systems 
for the entire linac. The linac requires 3 distinct types of 
RF systems: 2.5-MW peak, 402.5 MHz, RF systems for 
the RFQ and DTL (7 systems total); 5-MW peak, 805 
MHz systems for the CCL and the two energy corrector 
cavities (6 systems total); and 550-kW peak, 805 MHz 
systems for the superconducting sections (81 systems 
total). The design of the SNS Linac RF system was 
presented at the 2001 Particle Accelerator Conference in 
Chicago. Vendors have been selected for the klystrons (3 
different vendors), circulators (1 vendor), transmitter (1 
vendor), and high power RF loads (3 different vendors). 
This paper presents the results and status of vendor 
procurements, test results of the major components of the 
Linac RF system and our installation progress. 

SNS HIGH POWER RF EQUIPMENT 
A summary of the status of each of the high power RF 

components and a description of the problems 
encountered is provided below. 

Klystrons 
The SNS klystrons are supplied by three manufacturers. 

The specifications for each type of SNS klystron are given 
in Table 1. The 2.5-MW, 402.5 MHz klystrons are 
supplied by E2V Technologies (formerly Marconi & 
EEV). The 5.0-MW, 805 MHz klystrons are supplied by 
Thales (formerly Thomson). The 550 kW, 805 MHz 
klystrons are supplied by two manufacturers, CPI 
(formerly Varian) and Thales. A photograph of the 402.5 
MHz klystron installed at Los Alamos is included in Fig. 
1 and a photograph of the CPI 550 kW klystron and the 
Thales 5 MW klystron side by side is shown in Fig. 2. 
The klystrons operate in a vertical orientation with 
localized shielding and are mounted into a socket attached 
to the lid of an oil tank. They are protected from high 
reflected power by a circulator. The 805 MHz klystrons 
have a separate magnet while the 402.5 MHz klystron has 
an integral magnet. 

402.5 MHz, 2.5 MW Klystrons 
As of the end of March 2003, eight 402.5 MHz 

klystrons have been delivered by E2V Technologies. Of 
these 8 klystrons five have passed a site acceptance test, 
one is currently in test, one developed a vacuum leak 

*Work supported by the Office of Science, US Department 
of Energy 

during the site acceptance tests, and one developed a 
vacuum leak in shipping. 

We accepted the first two klystrons at a reduced power 
(approximately 1.7 MW instead of the required 2.5 MW) 
to make schedule progress and because the first 2 sockets 
for the RFQ and DTL-1 required less than 1 MW of RF 

Figure 1: 402.5 MHz, 2.5 MW Klystron 

Figure 2: CPI 805 MHz, 550 kW klystron on left and 
Thales 805 MHz, 5 MW Klystron on right. 

0-7803-7738-9/03/$17.00 © 2003 IEEE 1095 
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Table 1: SNS Klystron Specifications 

Vendor E2V Thales CPI/Thales 
Peak Power 2.5 MW 5MW 550 kW 
Test Power 2.75 MW 5.5 MW 605 kW 
Frequency 402.5 MHz 805 MHz 805 MHz 
Duty Factor 8% 8% 9% 
PRF 60 Hz 60 Hz 60 Hz 
Efficiency 58% 55% 65% 

Beam Voltage 125 kV 140 kV 75 kV 

Bandwidth 1.0 MHz 2.6 MHz 2.6 MHz 

Height 13 ft 13 ft 9 ft 

power each. All other accepted klystrons have met all 
requirements. However, each of these klystrons has 
required modification by E2V based on the site 
acceptance tests. We have had a klystron which passed 
the factory acceptance tests not able to make power at Los 
Alamos because of a tuning change of unknovra origin in 
the second harmonic cavity. All of the klystrons received 
have required modifications in the RF joint between the 
coaxial output and the coax to waveguide transition. The 
shielding has had to be modified to reduce the x-ray level 
to a value consistent with the specification. There have 
been problems with the load on the second cavity being 
undersized, failing, and in once instance causing a 
vacuum leak. And we have had problems with the lead 
shielding shorting out the magnet coils. Fortunately, most 
of these problems have been external to the vacuum 
envelope and have been repaired successfully on site. 

Three of these klystrons are already installed at SNS 
and the fourth is in progress. These klystrons have been 
very easy to install and remove and very easy to condition 
and operate. They arrive firom the factory with all lead 
shielding and waveguide in place, so that these klystrons 
are quickly installed and made operational. These 
klystrons can typically be brought up to the full peak and 
average power while maintaining a very low ion pump 
current value (less than 1 uA) in less than 1 hour. They 
have also demonstrated a very low gun and RF arc rate. 
We execute a 96 hour bum-in test on these klystrons as 
part of the site acceptance and at the conclusion of this 
period the arc rate is typically less than 1 event in 24 
hours. 

The contract for this klystron allowed for a 14 month 
development. The first klystron was delivered about 11 
months late. 

805 MHz. 5 AfW Klystrons 
The first of nine 5 MW klystrons has been delivered 

by Thales and subsequently failed the site acceptance test 
at Los Alamos. Thales is currently making design 
modifications external to the vacuum envelope and we 
will retest the klystron in June. When this klystron was 
factory tested at Thales they filled their waveguide system 
with sulfur hexaflouride (SF6) which is required for their 
RF load and the tests were executed with SF6 in the air 

side of the output window and output transition of the 
klystron. When the tube was operated at Los Alamos 
without the SF6 as called for in the tube specification, the 
output window and transition experienced severe RF 
arcing at approximately 1/3 the required peak power. 
Unfortunately, the output transition was not designed for 
long term operation with SF6. There was no o-ring seal 
or barrier window to keep the SF6 from leaking out of the 
transition and the SNS waveguide system is not filled 
with SF6. We were able to do a temporary field 
modification to include a capton window at tfie output of 
the klystron waveguide and to install o-ring seals between 
the transition and RF window. With the application of 
liberal amoimts of silicon gel, were able to temporarily fill 
the output transition with SF6 and continue testing. 

Thales is only able to test to a pulse width of 
approximately 400 usec at the factory yet the klystron is 
required to operate with a cathode pulse of 1300 usec. 
The combination of the long pulse with the high peak 
power is one of the most technically challenging aspects 
of this tube so we were anxious to validate the long pulse 
performance. We operated this tube for one month at Los 
Alamos and for short periods of time (4 to 6 hours) were 
able to achieve the full peak and average power. The 
efficiency of our testing and conditioning was impaired 
by a number of failures. This is the highest peak and 
average power klystron of the SNS RF system and we had 
been awaiting its arrival to prove out the performance of 
many of the waveguide components. With the initial 
operation of this klystron we discovered design problems 
with the circulator, the RF load, and the cathode power 
supply. Temporary and permanent resolutions to these 
problems impacted the number of hours we could operate 
the tube. In one month we operated the klystron 
approximately 112 hours until the cumulative problems in 
the waveguide systems and transition caused us to 
suspend testing until permanent repairs and design 
changes could be made. Testing will resume in June, 
2003. With 112 hours of conditioning, the arc rate of the 
klystron was still high. We averaged either an RF arc or 
gun arc about every two hours. The tube must 
demonstrate less than 2 arcs in 24 hours of full power 
operations before we will accept it. 

This klystron is not delivered as an assembled unit. 
The output transition and most of the lead shielding need 
to be installed after the tube is inserted in the socket. The 
insertion and assembly of the first article shielding took 
approximately 3 days. The x-ray protection of the lead 
shielding was also discovered to be inadequate and is 
currently being redesigned by Thales. The contract for 
this klystron required a 14 month development and this 
first klystron was delivered about 10 months late. 

805 MHz, 550 kWKlystrons 
Two vendors were selected to produce the 550 kW 

klystrons. CPI was awarded an order for 75 tubes and 
Thales was awarded an order for 23 tubes. The contract 
for these developments also called for the first tube in 14 
months. CPI delivered the first tube 4 months late but has 
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subsequently delivered 15 tubes and has made up most of 
the schedule delay. They are currently only 1 tube (2 
weeks) behind schedule. Thales has yet to deliver the first 
tube, although it is in transit. They are 11 months behind 
schedule on the delivery of their first 550 kW klystron. 

We have site acceptance tested 11 of the CPI klystrons 
and have yet to discover a problem. We accepted the first 
klystron from CPI to a slightly reduced efficiency 
specification of 63%. Every subsequent tube has 
exceeded the efficiency specification. We execute a 36 
hour bum-in test on these tubes as part of the site 
acceptance tests. To date we have seen only 2 gun arcs in 
approximately 400 hours of bum-in testing with these 
klystrons. These klystrons require minimal assembly in 
their delivered configuration. Typically, we can remove a 
tested CPI tube, install and assemble a new CPI tube, 
restart testing, and have the tube operating at full peak and 
average power in under 4 hours. 

Circulators 
All SNS klystrons are protected fi-om reflected power 

by y-junction circulators supplied by AFT. These 
circulators are rated to provide 26 dB of reverse isolation 
at any phase of a full power reflection. We have received 
all 107 circulators at the two frequencies and three power 
levels from AFT. We have high power tested five of the 
2.5 MW, 402.5 MHz circulators and all have passed. We 
have also high power tested eight of the 550 kW, 805 
MHz circulators and all passed. We have attempted to 
site acceptance test the first of the 5 MW, 805 MHz 
circulators. Because of the voltage gradients associated 
with the high peak power, this circulator is filled with 
SF6. Capton windows are used to restrict the SF6 to the 
circulator body. While trying to validate the circulator 
design under high power, we have had multiple failures 
and persistent arcing problems of the port 2 capton 
window. AFT has completed some further modeling on 
this window design and is implementing a new design for 
the port 2 window. This design will be high power tested 
in April 2003. 

Loads 
All the circulator loads for the SNS RF system are 

liquid loads where the liquid is the absorptive element. 
All loads have been delivered. The 402.5 MHz loads, 
made by Atlantic Microwave, are rated for 2.5 MW of 
peak power and 200 kW of average power and use a 
70/30 water glycol mix. Six of these loads have been 
high power tested and all have worked perfectly. 

The 805 MHz loads at 550 kW and 5 MW are pure 
water loads. The load for 550 kW application, made by 
Mega Industires, is rated at 600 kW peak and 60 kW 
average. We have tested 8 of these loads and all worked 
perfectly. We tested the prototype load up to a peak 
power of 1.3 MW and an average power of 200 kW 
without problem. 

The 5 MW peak power, 400 kW average power load, 
made by Sure Beam, failed high power testing. On the 
first 2 loads exposed to high power, an o-ring failed due 

to exposure to the RF and water leaks developed. The 
damaged o-ring has been replaced with an o-ring material 
less susceptible to RF heating and these loads are awaiting 
retest. 

RF Windows 
LANL is providing the RF windows for the DTL and 

CCL. We are using planar waveguide windows provided 
by Thales. The power from the 402.5 MHz klystron 
passes through a single window into the DTL and the 
power from the 5 MW, 805 MHz klystron is split and 
enters the CCL through two windows. All windows have 
been delivered. We have tested 4 DTL windows and 2 
CCL windows. The first pair of DTL windows failed 
high power testing due to poor RF contacts on the air side 
of the window. They are being reworked. Thales 
modified their assembly procedures to correct the 
problem. A subsequent pair of DTL windows passed the 
high power testing. A pair of CCL windows has also 
passed high power testing. Details of the test conditions 
and the measured performance can be found in reference 
1. 

Transmitters 
The SNS transmitters comprise all of the electronics to 

operate and diagnose the SNS RF equipment. They are 
being provided by Titan System Corporation Pulsed 
Sciences Division. All twenty transmitters for the normal 
conducting portion of the SNS hnac, test stands, and 
spares have been delivered to LANL and ORNL and are 
in various stages of installation and operation. Delivery: 
has just begun on the transmitters for the super conducting 
linac. A description of the transmitter equipment and test 
results can be found in reference 2. 

CONCLUSION 
Most of the SNS high power RF hardware has been 

delivered and good testing progress is being made. The 
402.5 MHz RF systems and the 805 MHz, 550 kW RF 
systems are performing as required. The primary 
technical risk area is the 5 MW RF systems. Currently the 
klystrons, loads, and circulators are all being reworked. 
The arc rate of the klystron is still very high even after 
over 100 hours of conditioning. This is the area where we 
will be concentrating our fiiture efforts. 

REFERENCES 
[1] K. Cummings, "High Power Testing of the 402.5 MHz 
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JLAB HIGH EFFICIENCY KLYSTRON BASELINE DESIGN FOR 
12 GEV UPGRADE* 

H. Wang", L. Harwood, R. Nelson, C. Hovater, J. Delayen 

TJNAF, Newport News, VA 23606, USA 

Abstract 
A computer design of a 13.5 kW, 1497 MHz, CW type, 

55% efficiency, 0.8 nP beam perveance, -40 dB gain, 5- 
cavity klystron has been developed for the JLAB 12GeV 
Upgrade project. The design uses TRICOMP codes to 
simulate the gun, modulating anode section, solenoid 
focus channel and beam dump. The klystron tube was 
designed by JPNDISK (ID) code initially and then 
optimized by MASK (2D) code for the baseline 
parameters. All of these codes have been bench marked 
by JLAB 5 kW operational klystrons. The details of 
scaling laws, design parameters and the simulation resuhs 
are presented. 

INTRODUCTION 
The CEBAF energy upgrade from 6GeV to 12GeV at 

JLab requires that the klystron power (CW type) to be 
13kW for the new high gradient superconducting cavity 
[1]. A new product or design of a high efficiency (>50%) 
klystron had been specified. In addition to the bidding 
process with the.klystron tube industry and the SBIR 
development program, we have independently designed 
this klystron using integrated computer tools. Before 
proceeding with the new design, we have used these tools 
to bench-mark our operating 5kW klystron. A possible 
beam interception in the gun to mod-anode section was 
found [2]. This problem caused potted ceramic insulators 
thermal runaway and finally damaged klystrons in the 
CEBAF machine. 

We used TRICOMP (2D) [3] package to design the gun 
section from cathode to modulation anode, and the 
focusing channel from anode to beam dump. For the 
klystron tube design, we used small signal analysis first to 
get initial design parameters. We then put them into the 
large signal ID JPNDISK code to get parameter 
optimization. These parameters were optimized further by 
the 2D MASK code to get the transverse space-charge 
effects. From MASK'S result, we finally designed the 
klystron dimensions with Superfish [4]. We found that a 
5-gap klystron is the minimum length structure and can be 
used as our baseline for a low cost design. In Table 1, we 
list the design specifications and what we have achieved 
in our preliminary design. Operation at IdB below 
saturation and with a wide bandwidth was based on the 
CEBAF superconducting cavity's control experience. It 

•This work was supported by the U.S. Department of Energy 
Contract NumberDE-AC05-84-ER40150 
' haipeng@jlab.org 

normally contradicts a high efficiency tube design. A new 
low-level RF control system will be designed to work in 
conjunction with this new klystron. 

Table 1: Specification and achieved design parameters. 

Parameters Specification Achieved in Design 
Frequency 1497MHz 1497MHz 
Saturated power 16.4kW 15kW 
Operating power 13kW 13.5kW 
Saturated gain 40dB 41.8dB 
Bandwidth 3dB>6MHz or 

ldB>5MHz 
3dB: 5.7MHz; 
3.8MHz 

IdB: 

Efficiency >50% 55% 
Beam voltage <30kV 16kV 
Beam current NS 1.6A 
Gfradient in gun <75kV/cm 48kV/cm 
Gradient in cavity <300kV/cm 48.3kV/cm 
Magnetic field <2kGauss 1.7kGauss 

DESIGN SURVEY AND SCALING LAWS 
To achieve a high efficiency klystron design, the first 

approach is to lower the beam perveance and to use 
longer drifting tubes. We have summarized two scaling 
laws from our achieved data and a survey from the 
production catalogs of two major klystron vendors. 

Measured Klystron Efficiencies with Different Wavelengtlis in cm 

°° 0.5 i:o {.5 io 2!5 3!o 3^        4.0 

Micropervence=[(beam current(Amp))/(beam voltage(Volt)'^x10' 

Figure 1: Klystron efficiency vs beam preveance. 

Figure 1 shows that a 0.8 \iP beam perveance design 
can achieve our 50% efficiency goal. The efficiency of 
current JLab 5kW klystron is well below the fitting curve. 
By the same fitting curve, we did a comparison between 
the vendor 1 and vendor 2. We found the vendor 1 

0-7803-7738-9/03/517.00 © 2003 IEEE 1098 
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follows the curve but the vendor 2 is below (Figure 2). 
Based on the data from vendor 1, the linear fittings can be 
obtained for different type of klystrons. Each type has a 
different slope. The PPM has a more effective focusing 
than the solenoid. The CW klystron normally has a larger 
beam dump than the pulsed type. The total length does 
not depend on the operating frequency because it only 
affects the transverse dimension. The klystron tube length 
is normally proportional to the plasma wavelength. And 

the plasma wavelength is XpOcV /j (V is the beam 
voltage and j is the current density) which is space charge 
and bunching effect related. 

*  CW-v«ndor1 

K   pulted-v«ndor1 

A PPM-v«ndor1 

— EffviPv Fitting 

■:   CW.v«ndor2 

D  pul>ftd-vendor2 
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'■■-v. 

♦ ~'- 
♦     a 

■"=; :-vj^ 

a o ■ □                           Q ""~~-—  

° 
oi) OS ^J0 ^£ 2si 2£ 3.0 3.6 i.o 

Beam Pervence (|J>v) 

Figure 2: Efficiency vs. perveance to compare between 
vendor 1 and vendor 2. 

•    CW-vendor 1 
=>    pulsed-vendor 1 
'    PPM-vandor 1 
 Linear Fit for CW 
 Linear Fit for Pulsed 

- - - Linear Fit for PPM 

Total Length (m) 

Figure 3: Beam voltage x efficiency vs. total length. . 

PIERCE GUN AND BEAM DUMP DESIGN 
The cathode is a thermionic dispenser type. The current 

density is 0.4A/cm^, low enough for long-life operation. It 
works at the temperature-limited current emission with 
the cathode voltage of -16kV and the beam current of 
1.6A. The maximum static electric field at the focus 
electrode is 48kV/cm. With a solenoid field ramping from 
300 G at the cathode surface to a flat top of 1700 G at the 
anode entrance, the beam compresses down to a 5.6mm 
radius with a scallop amplitude of ~9%. The area 
compression ratio is 18:1 (Figure 4). With a -4kV mod- 
anode voltage, the maximum field between the mod- 
anode cylinder and the ground tube is 24.8kV/cm. The 
ceramic insulator is going to be air-cooled without 
potting. With a falloff of 370gauss/cm of the solenoid 

field, the fiiU power of the beam can be uniformly 
dumped. 
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Figure 4: TRICOMP simulations in gun section. The 
potential at the cathode is -16kV; at the mod-anode is 

OkV in top plot and -4kV in bottom plot. 

c.oegEtsD g.iHE4Si 

Figure 5: TRICOMP simulation in tube and beam dump. 

KLYSTRON TUBE DESIGN 
The tube is a 5-gap, single output gap cavity with a long 

drift from 3'^ to 4* gap. The beam pipe radius is 8mm. 
The beam-filling factor is 70%. The input power for a 
saturated output is 1.18W. The electronic efficiency is 
55% and the kinetic efficiency is 57.2% No second 
harmonic cavity was used on this design. Table 2 lists the 
design parameters. The "detune" is the detuned cavity 
frequency minus operating frequency. 

Table 2: Tube design parameters optimized by MASK. 

Cavity No. 1 2 3 4 5 
Qexts 400 2000 2000 2000 260 
R/Qs (Q) 95.0 95.0 95.0 95.0 95.0 
Gaps (mm) 7.5 7.5 7.5 7.5 7.0 
Drift pos. (mm) 0 40 78 160 200 
Detune (MHz) 0.2 2.7 8.0 10.0 -1.0 

We note that there is a small difference between the ID 
JPNDISK code and 2D MASK code in the optimized 
parameters. In Figures 6~9, we show the JPNDISK output 
plots. Figure 10 is one of MASK output plots. 

KLYSTRON CAVITY DESIGN 
Since the required cavity's R/Q is relative low, we 

adopted a pillbox reentrant shape cavity to achieve the 
desired value. The cavity resonant frequencies can be 
obtained by adjusting the cavities outer radii. Figure 11 
shows the detail dimension calculated by Superfish. The 
maximum electric field (48.3kV/cm) is at the output gap. 
The tuners will be radial button type and on all cavities. 
The input coupler will be inductive loop type. The output 
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waveguide will be side coupling and bent to interleave 
with the solenoid pole plate. A detail 3D MAFIA design 
needs to be developed. 

Figure 6: The JPNDIS simulation. Up to down: input 
parameters, Applegate plot, RF current verse z, velocity 

spread verse z. 
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Figure 7: JPNDISK calculated output power verse input. 
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Figure 8: JPNDISK calculated efficiency vs drive power. 

SUMMARY 
The initial computer design to a 13.5kW RF power and 

55% efficiency of a CW klystron for the JLab 12GeV 
Upgrade has been achieved. Although it is not a best 
design yet, it should be complementary to a parallel SBIR 
design [5]. We need to do further on the component 
designs, mechanical and thermal dynamic simulations. A 

prototyping program or an adjoining venture with SBIR is 
needed in near future. 

Maximum Gain: 41.8 dB 
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Figure 9: JPNDISK calculated gain and bandwidth. 
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Figure 10: MASK output, transverse velocity verse z 
position. The gap positions are shown in Table 2. 

Figure 11: Klystron cavities designed by Superfish. All 
dimensions are in mm. 
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ANALYTICAL DESIGN OF A WAVEGUIDE IRIS/STUB TUNING 
COUPLER TO AN OVERCOUPLED SUPERCONDUCTING CAVITY* 

Haipeng Wang* 

TJNAF, Newport News, VA 23606, USA 

Abstract 
The high RF power test of a superconducting cavity 

without beam loading requires a variable coupling 
scheme. For a fixed power coupler and a finite source 
power, one needs to increase the external Q. A 3-stub 
tuner placed between the doorknob transition and an iris 
plate inside of WR975 waveguide has been developed for 
the SNS cryomodule test facility (CMTF). This paper 
describes the theoretical analysis, calculation by 
equivalent circuits and the coupling scale related to the 
stub tuning and the iris size. A copper model bench 
measurement and a 3D computer simulation proved the 
principle and some of the parameters. A factor of 100 
over Qext=7xl0' has been achieved when implemented in 
the cryomodule test. 

INTRODUCTION 
The external quality factor Qsext of the fundamental 

power coupler (FPC) to a superconducting cavity is 
normally designed much lower than the cavity's intrinsic 
quality factor Qs in order to match the input power to the 
beam load. For example, Qs,ext=10^~10^ Qs=10'~10"'. 
That means the coupling co-efficient Ps=Qs/Qs,ext from 
FPC to cavity is always heavily over-coupled Ps»l- A 
common high power type FPC was also designed in a 
fixed coupling in order to handle a high power and save 
cost. When the cavity cryomodule is under the final high 
power test without a beam loading, most of forward 
power is going to reflect back and to dump into the 
klystron's circulator. Using a finite klystron power to 
achieve a high gradient field in the cavity, one needs to 
increase the equivalent external Q (Qeq.ext) by 1-3 order of 
magnitude, up to a controllable level to microphonics. A 
simple and common solution is to use a 3-stub tuner on 
the input power waveguide. Normally this tuning 
mechanism can only change Qeq.ext about 1 order. By 
adding an iris plate upstream to klystron, like in the 
Figures 1& 2, from the following analysis, one can get 2 
orders higher. Combining the 3-stub tuning capability, the 
coupling of Peq=Qs/Qeq.ext Can be variable. Here we define 
loaded Qsi=Qs/(l+Peq)- This mechanism is very attractive 
for an energy recovery recirculating linac (ERL). When 
the beam energy is returned to the cavity, the beam 
loading is gone. A higher external Q will save more 
klystron power fi-om its circulator. Using a variable 
coupling, a same cavity can be used for both beam 
acceleration and storage.  It can also help in helium 

processing to bring more power to the cavity for 
destroying the field emitters. In the CMTF, using a 3-stub 
tuner only was the usual case for small Q external 
changes. 

Figure 1: Iris/stub tuner design layout for SNS 
cryomodule tests. 

Figure 2: An iris plate installed next to the stub tuner for a 
15kW CW klystron system at TJNAF. 

EQUIVALENT CIRCUIT ANALYSIS 
The waveguide section between the iris plate and the 

superconducting (sc) cavity detuning short can be treated 
as a low-Q coupling resonator. The power coupling from 
klystron to the sc cavity will be two-stage impedance 
transforming (see Figure 3). The sc cavity loaded Q can 
be deduced as [1]: 

Iii» Hole Coupler Waveguide TE>o\ Cavhy Superconducling Cavity 

# Work support by the US DOE Contract No DE-AC05-000OR22725 
* email: haipeng@ilab.org. 

Figure 3: Resonator coupling equivalent circuit. 
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Using the fact that mostly Qs»Qc»Qs5s»Qc5c. (1) can 
be simplified as: 

e,,.e«_A_ i + fi, ^      i + QjQ... (4) 

Ps 
We define the Qc is the coupling cavity intrinsic Q. Qc.extis 
the iris coupling external Q to the coupling cavity. The 
relative frequency detuning for sc cavity 5s is normally 
limited by the static tuner and microphonics' level. 
However, stub tuning can change the relative frequency of 
coupling cavity 5c, so as to change the Qeq,ext/Qs,ext. Note 
that this detuning requires Qs,ext5sQc5c<l. That means stub 
frequency detuning for the resonance coupling condition 
has to be: 

A/;<- (5) 

Here f is the klystron operating frequency. For example, 
for a SNS medium beta cavity, Qs,ext=7.3xlo5, ^805MHz, 
assumed Afs=10Hz, Qc=lxlO^ Af^ must be less than 
22MHz. The Qc determines the sensitivity of stub tuning. 
If the Qc can be made high enough, a fast tuner can be 
used to compensate the Lorenz force detuning and 
microphonics noise. From Equation (4), we can see that 
this iris/stub tuning coupler can only increase equivalent 
external Q or Qeq,cxi>Qs,ext- 

People worry about the power loss of coupling cavity Pc 
relative to the power loss in the sc cavity Ps. It can be 
found out [1] that it mainly depends on the sc cavity's 
microphonics' level. Figure 4 shows this calculation. 

(6) Pc _ a, 
Ps   a 

1+42/^ 
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Figure 4: Power loss ratio in the coupling cavity. 

The Qcextin Equation (4) depends on the iris hole's size, 
position and thickness. From the analytical calculation of 
next section, the external Q enhancement factor can be 
plotted as the function of iris diameter (Figure 5). 

5 

 4f^=1MHz 
 Af°=2MHz 
 4f^=20MHz 
 4f°=21.7MHz 

if =10Hz. Q_=1X10' 
»/a=1.504, t/a=0.051 
*   measured data 

iris hole diameter/waveguide width (d/a) 

Figure 5: Analytical calculation verse one measured data. 

IRIS COUPLING CALCULATION 
The iris hole coupling to a rectangular waveguide Qc.ext 

can be done by a 3D computer simulation like MAFIA or 
Analyst (Omega3). The first approach I took is the 
analytical solution by equivalent inductances (Figure 6). 
The susceptance of an iris inside of waveguide is [2]: 

^0 

—\ + A '■¥ 24</y,' 

With an iris thickness (Figure 6) correction: 

B.      B     \K\ nt B 
— = + J—^tanhi—r — --—i-cscAi— 

(7) 

2^        (8) 

Here YQ is the shunt conductance of waveguide. The ji, 
A], A2, and Yo', Xg' are all the functions of d/a, see Ref. [2] 
for detail. 

Q external of an iris coupling to a TElOx rectangular 
cavity can be deduced from Ref. [3] by the circuit 
transformation of Figure 7: 

a KtJ l\-{kllaf     B 
With an iris thickness correction: 

n Y, 

2.^ = 
^B ^ 

y 
71 1 

-fA) f- 

(9) 

(10) 

There is another formula from Collin [4] for the case of 
without iris thickness: 

Q   =Ai!£^!±fi (11) 
4a- 

d' fm 
Here a, b and c is waveguide width, height and length 
respectively. The d is the iris hole diameter. 

In Figure 8, I compare two analytical methods, MIT's 
Equations (7)~(10) and CoUin's Equation (11), with an 
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Analyst   3D   simulation   [5].   The   simulation   used 
Balleyguier's method [6]. The simulation has confirmed 

'L 

+- 

Figure 6: Iris without (top) and with (bottom) thickness 
simulation inside of a TEIO rectangular waveguide. 

Figure 7: Equivalent circuit transformation from an iris- 
coupled to a short-circuit waveguide cavity. 

that the detail of meshing around the iris hole is 
important. The thickness of the iris has also a significant 
susceptance contributed to the Qcext's calculation. 
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Figure 8: Q external calculation for an iris hole coupling 
to a TElOx rectangular waveguide resonator. 

IRIS POSITION DETERMINATION 
The position of the iris plate along the waveguide has to 

be at the voltage minima of standing wave (SW) when the 
cavity/coupling system is on resonance. So the iris 
inductance will be effectively at the maximum SW 
current position. Also the coupling waveguide will be in 
the TEOln mode resonant frequency when the waveguide 
length c=nXg/2. For a waveguide coupling to a normal 
conducting cavity, like a copper or a room temperature 
niobium cavity, the "detuned short" position is also the 
voltage minimum position in resonance. It can be 
explained by the voltage reflection coefficient, because of 
P«l: 

When the cavity changes from normal conducting state to 
superconducting state, the coupling coefficient changes 
from p«l to p»l. The voltage minimum position at 
resonance will be changed by Xg/4 (90°). It is important to 
incorporate this change in the design. For the SNS 
medium beta cavity coupling, the iris position was 
determined by a computer 3D simulation, then by a bench 
measurement on a model. Using a slot-line waveguide (or 
a hole array on the centerline) coupled to a copper cavity, 
I measured the SW profile. From the plot in Figure 9, I 
got that the distance from the doorknob center to the first 
Vmin is 52.6cm. The HFSS simulation from Y. Kang is 
52.7cm [7]. Both of them are for the copper cavity. The 
iris position in the actual design was pulled back by 3/4Xg. 

r(«>)= 
J3 + l + iQ,S 

S = -^-^ (12) 

5       10      15      20      25      30      35      40     45      50      55 

Z distance from door-knob flange (cm) 

Figure 9: SW profile measured on WR975 waveguide. 

SUMMARY 
The combination of iris plate and 3-stub tuner can be 

used as a variable coupler. It increases the equivalent 
external Q of an over-coupled superconducting cavity by 
two orders of higher. More measurement needs to be done 
to verify this analysis when the CMTF is available for this 
study. 

I would like to thank R. Sundelin, L. Phillips, C. 
Reece, and J, Delayen, I. Campisi and Y. Kang of ORNL 
for the fruitful discussions during the course of this work. 
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Figure 1: JLab "OC" shape, 1.5GHz, 7-cell niobium 
cavity with helium vessel removed. 

HOM DAMPING PERFORMANCE OF JLAB SL21 CRYOMODULE* 

H. Wang*. I. Campisi, K. Beard, R. Rimmer, C. Thomas^ J. Mammosser, J. Preble 

TJNAF, Newport News, VA 23606, USA 

Abstract 
The SL21 cryomodule is a first 1.5GHz, 12.5MV/m, 7- 

cell cavity, 8-cavity string superconducting accelerator 
module produced at JLab. The first two passbands of 
TElll and TMllO high order modes (HOM) have to be 
damped to avoid beam breakup problems at 460nA 
current. Extemal Q's of the HOM couplers and 
waveguide were measured on a copper model, on cold 
niobium cavities in vertical tests and finally in the 
cryomodule without beam. This paper presents all HOM 
data and general measurement techniques. A threshold 
current predicted by MATBBU code based on these data 
and the 6GeV machine beam optics is 10mA. 

INTRODUCTION 
The new SL21 cryomodule is the first example of a 7 

cells/cavity, 8-cavities/string superconducting accelerator 
module developed for the JLab 12GeV Upgrade project. 
The specified accelerating gradient is 12.5MV/m to 
achieve total voltage of 70MV. It replaced a 5MV/m, 5 
cells/cavity, 8-cavities/string old CEBAF cryomodule in 
the South Linac tunnel No.21 slot. Adding two more cells 
in each cavity to gain more beam voltage was the original 
design goal. The cavity cell shape remained the "Original 
Cornell" (OC) design. The cavity irises and beam pipe 
radii are 35.3mm. The HOM couplers resemble the DESY 
welded type. Two are attached at one end of the cavity 
outside the tuner hub, separated azimuthally by 115°. The 
couplers' center is 80mm from the first end cell edge. A 
Ay4-stub fundamental power coupler (FPC) waveguide is 
located at the other end of cavity (see Figures 1&2). 
Without changing the tuner design, the HOM couplers 
could not be brought closer to the end cell or moved to the 
other side of cavity. 

MAFIA SIMULATION 
A MAFIA 2D(R, Z) simulation was preformed for this 

"OC" shape with ~lmm mesh steps and double precision. 
Up to 50 monopoles and 50 dipoles were calculated in the 
fi-equency domain. The TElll and TMllO dipole modes 
are the first two HOM passbands above the TMOIO 
fundamental passband. Those with high R/Q values were 
identified as potentially dangerous modes for the beam 
breakup (BBU) problem in the CEBAF accelerator. The 
R/Q was calculated for each mode at 1cm off-axis 
distance and normalized in Table 1. It agrees with an 
early URMEL calculation [1]. One mode in the TEl 12 

# This work was supported by the U.S. Department of Energy 
Contract NumberDE-AC05-84-ER40150 
* email: haipeng@.ilab.org. 
*curtent email: catherine.thomas-madecfoisvnchrotron-soleil.fr 

Figure 2: HOM coupler design adopted from DESY. 

Table 1: MAFIA R/Q calculation for "OC" shape with a 
9cm-long beam pipes and the electric boundary on each 
end. Here k=27i/A., a=off-axis distance. Shaded rows are 

high R/Q modes dangerous for BBU problem. 
Frequency [MHz] R/Q rO/cm^l (R/Q)/(ka)^ rm 

1725.3 0.03 0.3 
1746.4 0.005 0.04 
1780.2 0.56 4.0 
1824 0 0 37 25 
1874.3 '    13.3 .    ^^^K  V-, 

1926.0 10.1 61.9 
1991.5 0.47 2.7 
2000.6 2.93 16.7 
2068 6 0 35 19 
2089.2 "*'' s    -''^a?^< 4 

.j.^^,,.. 

'        -2102.S.    „ <   '     ySM^      »t : ik *' i^i^Afi s 
2109.7 0.03 1.4 
2113.5 0.005 5.2 
2113.9 0.56 0.7 
2953.1 11.38 29.7 

passband was also 
included in the last 
the Q externals of 
were determined by 

found to have a high R/Q. It is 
row of Table 1. We did not calculate 
HOM couplers with MAFIA. They 
measurements on a copper model. 
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COPPER MODEL MEASUREMENT 
The HOM coupling was measured on the bench by 

using a calibrated network analyzer to get two-port S 
parameters. Port 1 is the launching electric antenna, Port 2 
is the HOM coupler pickup in which the Q external to be 
determined. To get more accurate data when Qext»Qo for 
room temperature copper, a good launching position to 
get nearly critical coupling p,=l, and less perturbation to 
the intrinsic cavity field is preferred. An array of small 
holes along the cavity wall from irises to equators at 
different azimuths was drilled, so an optimum hole with a 
minimum antenna insertion can be chosen. Q external can 
be calculated from the S parameters as follows. 

^^ext^rans 
4A 

1+5, 
1±S, A = 1+5,: 

4fet<rey7~iW< 

1+A+A 
i+A+A 

l±5j 

Qioad^^^   ^^   (Transmission) 

(1) 

(2) 

A 
(Reflection)       (3) 

Here, Qi^d is measured at -3dB bandwidth of S21. In 
Equations (1), upper signs are for under coupling p<l, 
lower signs are for over coupling, p>l. In the case of 
P2«l, Equation (1) gives a large error. Equation (4) can 
be used instead. 

fi^=\l-SjS',,\/\l + SjS^   , .        (4) 

Here S22 is at resonance and S'22 is at off-resonance where 
there is nearly full voltage reflection. In this case, 
transmission method Equation (2) will give a more 
accurate result with a careful cable calibration. In Figure 
3, the port-dependent Q externals were plotted. 

For the positive mode identification and the electric 
field profile, a bead-pull system with a dielectric bead 
passing through the cavity off-axis was integrated with 
this bench setup. 

Figure 3: Q external measurement on a copper model. 

VERTICAL COLD TEST 
Five of eight niobium cavities in the SL21 cryomodule 

were tested at our Vertical Test Area (VTA) with the both 
HOM couplers and the Field Probe (F.P.) installed and 

with their cable connections up to the warm interface.' The 
waveguide (WG) is at bottom and shorted with a niobium 
blank. The whole assembly including HOM couplers at 
the top can be cooled to a temperature of 2K. The power 
coupling port is at the bottom beam pipe flange with a Q 
external of the TMOIO n mode ~10'. The S21 
measurement was done from this port 1(PC) to the F.P. 
port 2. A phase shifter was used with its input connected 
on each HOM coupler warm connector. So the -3dB 
frequency bandwidth of Q load can be minimized (Af'j to 
get the highest Q'L by adjusting the phases with the 
shifters' outputs shorted (or open), see Equation (5). 
When a 50£1 load is put on one of the shifters' outputs, 
for example, on HOM coupler 1. The loaded Q is changed 
as QL in Equation (6). So the Q external of HOM coupler 
1 Qexi,H0Mi can be determined by the new bandwidth (AfJ 
from Equation (7). Here the f is the resonance frequency 
when the 50Q load is put on. The condition of 
approximation is when Q'exaiOMi»Qext,HOMi- That means 
the loss in the standing wave at lossy cable and joints has 
to be much less than the loss to the 50Q load. We found 
that when the Q external of the HOM coupler is very high 
(>10*), this method doesn't apply. The power 
transmission method, Equation (2), could be used instead. 

1  _      1       ,        1       ^1^1^ 1_ 

"L        "aa,HOM\        Qexl.HOMl        Qo 

11 11 
- + - 

iexl.HOMl QL fi. 
1 

iiexl,PC 

1 

 f 

"ext^.P. 

1 

(5) 

VQ,-W,   A/,-A/; 

(6) 

(7) 

1.0E+09 
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Figure 4: Q external measurement in vertical tests. 

When the damping by the HOM couplers was found to 
be limited, a separate cavity vertical test was carried out 
with the WG connected to a warm load through a warm 
window. The result [2] indicates that the waveguide has a 
limited damping which is different from an early 
measurement [1] done on a horizontal test bed (HTB). 
This result was confirmed by the later cryomodule tests. 

CRYOMODULE COLD TEST 
After the SL21 cryomodule was cooled down to 2K and 

before the waveguides were connected to the high power 
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source in our Cryomodule Test Facility (CMTF), we were 
able to measiu-e the loaded Q of the HOMs by the 
transmission from HOMl to H0M2 with the "WG short" 
and the "WG load" conditions. The "WG load" is a low 
power waveguide load with a tapered RF absorber inside. 
We found out from a separate measurement that the 
VSWRs of this load within the HOM spectrum are 
between 1.07:1 and 1.34:1. When the cryomodule was 
finally installed in the CEBAF tunnel, 8 HOM waveguide 
filters were installed in a "T" joint with the high power 
waveguides. Gamma Microwave made these filters in 
1990. The specification range of the VSWRs in the HOM 
spectrum is 2.0-3.0:1. In Figure 5, we summarize all data 
in the cryomodule measurements. The error bars in this 
plot represent the range's values among the 8 cavities in 
the module. The difference of data between the "WG 
short" and the "WG load" in CMTF should indicate the 
additional waveguide damping to the HOM couplers. 
"WG HOM filter" data is the end performance of HOM 
damping at the SL21 cryomodule in CEBAF tunnel. We 
have also searched for the 2953MHz mode. It mixes up 
within monopole and quadruple modes. So we measured 
all Q loads in the frequencies around 2953 MHz. No 
modes with more than 1.0x10^ Q external were found in 
any cavity even with the waveguide shorted. 

^UFIA CtlculMedFrequHwy [MHil 

Figure 5: Q external measurement in cryomodule. 

MATBBU SIMULATION 
The MATBBU is a code for calculating beam breakup 

threshold current in a re-circulating linac [3]. The Q 
external data of "WG short, CMTF" were input into the 
MATBBU with the current beam optics of 6GeV 
machine. The predicted lowest threshold current is lOmA, 
which is limited by two high R/Q modes in the TElll 
passband. All other modes have higher threshold currents. 
Figure 6 shows the final results, where the beam 
impedance is normalized by (R/Q)Qext/(ka)^. The data 
points are averaged beam impedance pre cavity. The error 
bars indicate the frequency spread range over the 8 
cavities within the module. 

,  ^  

■ ■» 

> i 
H 

• Normalized Beam impedance 
(R/Q)Qext/(ka)^ [Mn/cavity] 
* MATBBU Calculated Beam 

Threshold Current [mA] 

"HP^- 

M—( 

.-^.'- 

w 

- 

H-f 

^ 

t* 

H 

V*~l H 

!• 
• ' ■ ' ' ■ ' ' ' 

1700   1750   1800   1850   1900   1950   2000   2050   2100   2150   2200 

Measured Frequency [MHz] 

Figure 6: SL21 beam impedance and threshold current for 
6GeV CEBAF machine. 

SUMMARY 
All HOM data measured for SL21 cryomodule without 

beam indicate that the TEl 11 and TMl 10 mode damping 
is sufficient for the 12GeV Upgrade machine (460 nA). 
To improve other performance, two types of 7-cell 
cavities for the Upgrade [4] have been developed. 

It was found out by MATBBU that the SL21 damping 
was not sufficient for a high current (>10mA) FEL's etc. 
In order to improve the HOM damping to the 
Qext=10'~10'' level, some trials were done on this copper 
model by extending the HOM coupler antenna tip or 
putting an extra elliptic coupler at the FPC side. No 
significant improvement was possible without a major 
redesign of the end groups and tuner. No fiirther attempt 
was done on this structure. Instead a 2x5-cell 
Superstructure type cavity was proposed [5]. 
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ON CREATION OF A CATHODE UNITS FOR THE X -BAND KLYSTRON 

A.N. Dovbnya, N.I. Aizatsky, V.N. Boriskin, V.V. Zakutin, V.A. Kushnir, V.A. Mitrochenko, 
N.G. Reshetnyak, V.G. Romas'ko, Yu.Ya. Volkolupov, M.A. Krasnogolovets, NSC KIPT, Ukraine 

Abstract 
The reports presents the results from studies, performed 

at the SRC "Accelerator", on development of units for the 
X-band klystron with an output power 1-5-2 MW and at a 
voltage 50-5-100 kV. A magnetron gun with a cold 
secondary-emission metalUc cathode is supposed to be 
used as an electron source. 

INTRODUCTION 
Creation of small-scale resonance linear electron 

accelerators is very important for solving a number of 
appUed problems - interoscopy (custom control), 
medicine (radiation therapy), technological treatment of 
food products etc. In this connection, the development of 
linear electron accelerators with an X-band operating 
frequency is a high-priority task. A main problem for 
carrying out the works in this direction is a choice of a 
powerful microwave source that would be capable to 
provide a compactness of an accelerator. The most 
acceptable microwave source for the small-size 
accelerator is an amplifier klystron with an output power 
K2 MW, a voltage up to 50 kV and an operating 

large diameter is used, one can apply the structure based 
on annular (coaxial) resonators as a resonance system. 
Just this type of a resonance system was chosen for the X- 
band low-voltage klystron that is under development at 
the NSC KIPT. Development of the klystron includes two 
stages: development of an electron source and 
development of a resonance system. 

A main problem of the resonance system development 
is a possibility of a "parasitic" relation between the 
coaxial resonators due to the TEM wave excitation. 
However, by a special selection of the external and 
internal radii of resonators it is possible to provide the 
TEM mode suppression in the structure. Our preliminary 
calculations and experimental studies have showed that 
the connection/junction between resonators separated by 
the drift region can be made rather small in the system 
without beam. At the same time, the estimations showed 
that to increase the efficiency of the bunched beam 
interaction with the resonance structure, the latter should 
include the sections comprising several connected 
resonators excited at the 7t-mode of oscillations. The 
layout of the bunching resonance system of the klystron 
under development is presented in fig.l. 

e 
r   t 

a^ axis 

Figure 1: The layout of the bunching resonance system 

frequency of 11.4 GHz (fourth harmonics of the SLAC 
klystron frequency of the S-band). Considering that the 
typical value of the klystron efficiency lies within 30 H-50 
%, the pulse power of the electron beam should be 3 - 4 
MW, i.e. at a voltage of 50 kV the beam current should be 
60 -5- 80 A. The use of such a beam with a high perveance 
is connected with a particle bunching deterioration caused 
by the decrease of the wavelength of plasma oscillations 
in the beam with particle density increasing. One of the 
methods applied to decrease the beam density and to 
decrease the spatial charge force influence on the klystron 
bunch is the use of a hollow beam having a large 
diameter. As is shown in [1] when a hollow beam with a 

As a source of the annular beam in this klystron, a 
secondary-emission magnetron gun with a cold metalUc 
cathode will be used [2]. One of its advantages is a 
potentially long-term Ufetime and a high beam density. 
The magnetron gun was investigated at the experimental 
installation with an 8-channel sectionalized Faraday cup 
and a computer information measuring system. It allows 
measuring the voltage amplitudes, beam current, as well 
as investigating the azimuthally charge distribution m 
each selected time interval during the current pulse. 

0-7803-7738-9/03/$ 17.00 © 2003 IEEE 1107 
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EXPERIMENTAL RESULTS AND 
DISCUSSION 

The performed investigations showed that the beam 
generation is stable during 32 pulses measured by the help 
of an information measuring system. For example, for one 
of operating modes at a cathode voltage of 26 kV, a beam 
current of 52 A and a magnetic field 2500 G, the current 
instability of each of Faraday cup's sections at a cathode 
voltage instability of 1.8% was not higher than 4.5%. In 
another case at a cathode voltage of 27 kV, a beam 
current of 49A and a magnetic field of 2300 G the 
instability of each of beams getting the Faraday cup's 
sections at a cathode voltage instability of 1.7% was 
1.8-5-2.9 %. The investigation demonstrated that such a 
beam shapes a tubular beam with an external beam 
diameter of 43 mm, internal diameter of 41 mm. The 
duration of the beam current pulse was ~5 \is, the 
repetition rate was 15 Hz, the pulse power of a beam was 
~ 1.5 MW with the microperveance -10. 

amounts 400 %. The non-uniformity of the azimuthal 
distribution within (200 - 400)% was observed for 
different parameters of the high-voltage supply of the gun 
and for different values of the magnetic field. Moreover, 
it has been established that there exists also a significant 
asymmetry in the spatial particle distribution, i.e. the 
annular beam as a whole displaces relatively to the gun 
axis. In some cases this displacement on the collector was 
8 mm. As is shown, the azimuthal distribution of the 
beam density and its position at the collector plane are 
depending on the magnetic field direction. Changing the 
magnetic field direction leads to the beam displacing in 
the opposite direction that is illustrated in figures 4 and 5 
respectively. 

Figure 4 

Figure 2: The layout of the experimental installation 

The measurement of the beam density distribution on 
the azimuth showed that this uniformity has a significant 
non-uniformity. Fig.3 presents the distribution of the 
beam charge from each of eight Faraday cup's sectors 
(channels 4 and 10 are not connected to the system). 

1 2345 67 89       10 

Figure 3 

From the figure it is seen that the charge distribution on 
the  azimuth  is  non-uniform  and the  non-uniformity 

Figure 5 

The detailed investigation of the magnetic field 
topology showed that the magnetron source axis at the 
experimental installation was deviated irom the solenoid 
axis (the deviation from the axis in the collector point was 
~5 mm, in the cathode connection point was ~2 mm, the 
tilt was ~ 1°). Probably, this circumstance can be a cause 
of the asymmetry in the azimuthal particle density 
distribution and beam displacement. This may be 
explained by misalignment of magnetic and geometrical 
axises of the system or by development of diocotron 
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instability of the beam [3].Thus, the experiments showed REFERENCES 
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DESIGN OF AN X-BAND, 50 MW, MULTIPLE BEAM KLYSTRON 

Liqun Song, Patrick Ferguson, Lawrence Ives, George Miram, David Marsden and Max Mizuhara 
Calabazas Creek Research, Inc. 

Abstract 
Calabazas Creek Research has designed a 50 MW, 
multiple beam klystron (MBK) with eight separate 
electron beams operating at 11.424 GHz with an 
efficiency of 54%. The MBK will be integrated with an 
electron gun in development on a current U.S. 
Department of Energy grant. The gun is being fabricated 
and will be tested in July, 2003. During the initial MBK 
development, several circuits capable of generating an RF 
output power of 50 MW were investigated. These circuits 
included ring resonators, hybrid cavities and standard 
reentrant cavities. The final design included an optimized, 
high efficiency (54%), eight cavity, interaction circuit, 
consisting of a mutually coupled set of input cavities, five 
discrete hybrid cavities for each circuit and a mutually 
coupled output cavities combined to transmit the RF 
power through a single window. 

INTRODUCTION 
Figure 1. Solid model of multiple beamklystion with ring 

resonator cavities. 

Design of the klystron required a number of advanced 
computer simulation tools. The electron gun was 
originally designed using TOPAZ, and this design was 
verified using OMNI TRAK, both 3D codes. The circuits 
were simulated using KLSC, a 2 1/2D large signal code 
and MAGIC, a 3D, particle-in-cell (PI 
C) code. 

The electrical and mechanical design parameters for a 
single circuit and for the MBK are Hsted in Table 1. 

Description Single Circuit MBK 
Peak RF output power 6.75 MW 54 MW 
Center frequency 11.424 GHz 11.424 GHz 
Instantaneous bandwidth 80 MHz 80 MHz 
Efficiency B2% 52% 
Electron beam voltage 190 kV 190 kV 
Electron beam current 66 A 66 A 
Beam perveance 0.8 n pervs 0.8 n pervs 
Pulse width 3.0 ns 3.0 ns 
Pulse repetition rate 120 Hz 120 Hz 
Duty 0.036% 0.036% 
Average RF output power 2.35 kW 18.8 kW 
Average beam power 4.52 kW 36.2 kW 

Simulation of a single input resonator where eight ports 
were introduce to accommodate the eight beams 
determined that the distributed shunt impedance and 
electric field were reduced significantiy. Consequentiy, 
the effective wave-beam interaction was considerably less 
than the interaction for a single cavity. Extending this 
result to all ring resonators indicated that the saturated 
gain would be too low for efficient operation. Redefining 
the geometry increased the interaction strength but 
resulted in the introduction of higher order modes in the 
ring resonator. Adding loss to the resonator to suppress 
these modes was considered but rejected due to the 
complexity of the structure. A much simpler arrangement 
involves splitting the input power four times via three dB 
couplers and then dividing this power into two cavities. 
Figure 2 shows the input cavity assembly with four coax- 
waveguide transformers. Note that each input drives two 
klystron input cavities and thus the power at each port is 
divided to give equal power with constant phase at each 
beam tunnel. 

CIRCUIT DESIGN 

As originally envisioned, the MBK would use ring 
resonators for all cavities. This configuration offered the 
potential to simplify the introduction of RF power into the 
MBK and the extraction of the RF output power. Figure 1 
shows a cross section of the arrangement. 
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Coax Connectors Coax-Waveguide 
Transitions 

Input 
Caviti 

Figure 2. Input cavity assembly showing four coaxial 
inputs to waveguide transitions. 

Bunching Circuit 
The bunching circuit consists of eight sets of input 
cavities and five reentrant cavities. An exploded view of 
the bunching circuit is shown in Figure 3. The cavities 
and cooling holes are shown in the sections. 

Anode 

Figure 3. Exploded view of circuit assembly for first six 
cavities 

Output Cavities 
In order to extract the RF power in phase efficiently from 
each of the eight outputs, two different configurations 
were analyzed. The first configuration utilized a compact 
waveguide twist [1] for each cavity, each twist feeding 

into a common circular guide, as shown in Figure 4. An 
evaluation of the power handling capabihty of the 
waveguide twists is being finalized. An alternate 
arrangement is shown in Figure 5. This arrangement 
combines the RF power from each output cavity into a 
TMo4o cavity, which is then coupled to a TMQIO cavity. 
The RF power is then extracted into two normal 
waveguide twists coupled into a TEQI waveguide. 

Output Cavities 

Figure 4. Output waveguide system consisting of eight 
waveguide twists, a TEoi circular waveguide, and the TEoi 

window — 

T.VlOlO 
Cavitv 

Figure 5. Output configuration consisting of TM040 cavity 
coupling to TMoio cavity. 

A complete cross-section of the MBK with the first output 
circuit configuration and TEQI high power window is 
shown in Figure 6. Also shovra are two individual circuits 
and a common electron beam collector. 
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SUMMARY 
Initial design was completed for a 50 MW multiple beam 
klystron at 11.424 GHz. The klystron is designed to 
incorporate and eight beam gun currently being 
constructed. The predicted performance of the klystron 
meets or exceeds the goals of the program. Successful 
construction and test of this klystron would represent a 
significant advance in RF source technology and could 
facilitate the development of new accelerator and collider 
systems. 
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DEVELOPMENT OF IMPROVED CATHODES FOR 
fflGH POWER RF SOURCES 

L. Ives, G Miram, M. Read, M. Mizuhara, Calabazas Creek Research, Inc., Saratoga, USA 
Philipp Borchard, Lou Falce, Consultants 

Kim Gunther, HeatWave Laboratories, Inc. 

Abstract 
All high power RF sources start with an electron beam 

generated by a cathode. The quality of this cathode 
directly impacts the performance of the RF device. 
Typically, dispenser cathodes heated to approximately 
1000 C provide the electrons constituting the electron 
beam that is subsequently used to drive an RF circuit. A 
number of high power devices recently suffered 
significant performance degradation due to nonuniform 
emission from the cathode surface. Nonuniform emission 
can be caused by variations in termperature or work 
fiinction across the cathode surface. Research is underway 
to determine the causes of both temperature and work 
function nonuniformity and derive improved construction 
and processing techniques and procedures to reduce of 
eliminate the problems. This information will be provided 
to cathode vendors and users to improve the future 
performance of these devices. This paper presents results 
of research to date as well as experimental measurements 
of cathode performance. 

INTRODUCTION 
High power RF sources are in development worldwide 

for the next generation of accelerators and colliders. 
Typically, RF power for accelerators is provided by 
klystrons. A number of novel devices are being 
considered, however, including gyroklystrons, multiple 
beam klystrons and sheet beam klystrons. Irrespective of 
the type RF device, the starting point for RF power 
production is generation of a high quality electron beam. 
The quality of the electron beam is determined by the 
optical design of the gun and the quality of the cathode. 
Unfortunately, RF engineers have insufficient control of 
cathode quality. 

Most klystrons and traveling wave tubes use solid 
electron beams generated by Pierce-type cathodes 
operating space charge limited. Gyroklystrons and 
gyrotrons use annular electron beams created with a 
magnetron injection gun (MIG) operating temperature 
limited, which means the emission current is a function of 
the local temperature. Consequently, gyro device 
operation is more sensitive to temperature variations 
across the cathode surface. Efficient operation of 
gyrotrons and gyroklystrons require a high-quality 
electron beam with low-velocity spread and uniform 
current density around the circumference of the beam. 
Advances in computer modeling allow design of electron 

guns with velocity spreads less than 8%, which is 
adequate for efficient operation; however, there is 
substantial evidence that large azimuthal asymmetries in 
current emission often occur. Communications and Power 
Industries, Inc. (CPI), the U.S. and world leader in 
gyrotron production, reports azimuthal variations in the 
power density of the electron beam in the collector[l]. 
Because these devices are operating close to the thermal 
limit, any localized increase in the power density, such as 
occurs with azimuthally asymmetrical emission, can lead 
to overheating of the collector surface and eventual 
failure. Failures of this type have occurred. 

The beam-RF interaction in the circuit depends on beam 
current, and azimuthal variations in current impHes that 
all portions of the beam are not operating with optimal 
conditions, which can result in a substantial loss of 
efficiency. Research is underway at the University of 
Maryland to quantify this effect[2]. The Plasma Science 
and Fusion Center a the Massachusetts Institute of 
Technology performed experimental research on existing 
guns to measure the asymmetry. Asymmetries in a MIG 
for a coaxial gyrotron produced a 6:1 variation in current 
with regard to the angular position[3]. When the electron 
gun was replaced with one having more uniform emission 
(1.2:1), the output power in the gyrotron doubled. 

Nonuniform temperature problems can be overcome with 
space charge limited cathodes by increasing the cathode 
temperature until all areas are operating sufficiently 
above the temperature hmited regime. This can solve 
problems with nonuniform emission, however, the 
increased operating temperature can significantly reduce 
cathode life. It can also result in excessive barium 
evaporation to surrounding surfaces, leading to arcing. 

Nonuniform cathode emission is typically caused by 
temperature or work function variations across the 
surface. Since gyro devices are more sensitive to these 
type variations, this program is performing detailed 
analysis of gyroti-on cathodes to address both the 
temperature and work fiinction problems. Improvements 
in work function uniformity will also have an impact on 
space charge limited cathodes, since it will allow 
reduction in the operating temperature. 

Calabazas Creek Research, Inc. (CCR) is funded by the 
U.S. Department of Energy to improve the emission 
uniformity of magnetron injection guns for high power 
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RF   sources   for   accelerator   applications.   CCR   is 
addressing this effort in the following ways: 

• New, innovative heater designs are under 
investigation to improve temperature uniformity. 
This includes improved geometrical design of 
heat shields, heater supports, potting, and 
surrounding thermal surfaces, 

• Causes of nonuniform work function are being 
investigated. Once causes are determined, 
modifications to materials, processes, 
techniques, or procedures will be explored, in 
association with cathode manufacturers, to 
eliminate the causes of work function variation. 

• A test facility is under construction to allow 
precise, detailed measurement of emission 
uniformity across the surface of magnetron 
injection guns. Precise measurement of 
temperature is also being developed. This will 
allow identification of problem areas for 
nondestructive or destructive analysis to identify 
the causes of emission uniformity or to evaluate 
the effectiveness of manufacturing 
improvements. 

THERMAL DESIGN OF MIGS 
Detailed, 3D thermal analysis was performed on a MIG 

displaying temperature variation to determine the root 
cause. For this cathode, the gap between the heater lead 
the heater coil resulted in an unacceptable temperature 
variation. A plot from one of the analyses is shown in 
Figure 1. 
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Figure 1. 3D thermal analysis of magnetron injection gun 

As a result of this analysis, two improved designs were 
developed. The first design employs a variation in the 
heater winding pitch in the vicinity of the heater lead gap. 
The second design uses a 'Tjombarder" cathode, where a 
space   charge   limited   cathode   generates   an   annular 

electron beam that heats the primary cathode by electron 
impact. Because the space charge limited cathode is 
generating little total current and operating in the space 
charge limited regime, it should exhibit less emission 
variation as a function of temperature. The uniform 
electron beam will then become the heating source for the 
primary, high current, temperature limited cathode 
emitter. Both these designs will be built and tested during 
the coming year. 

WORK FUNCTION CONSIDERATIONS 

The surface of a dispenser cathode typically consists of 
a large number of small openings on a tungsten substrate. 
The shape of these openings is highly irregular with 
random spacings. Several cathode specialists 
hypothesized that if the pores had a uniform shape and 
spacing, the barium flow and surface coverage would be 
uniform as well, resulting in reduced emission spread. 
During Phase I of this program, a cathode exhibiting 
nonuniform emission was donate by Communications and 
Power Industries, Inc. This cathode was tested in a special 
chamber designed to measure emission at 64 positions 
over the surface. The test chamber is shown in Figure 2. 

Figure 2. Test Chamber for measuring emission current 

Measurements indicated that the emission was varying 
by a factor of two across the cathode surface. The areas of 
reduced emission were identified and the surface 
examined optically at high magnification. Figure 3 shows 
two regions of the surface with significantly different 
emission. The image on the left shows a large number of 
pores in a region with good emission, while the image on 
the right shows a region with reduced pores and emission. 
It would appear in this case that a variation in the pore 
distribution was a contributing factor to the nonuniform 
emission, however these results are not conclusive and 
additional testing is scheduled. 

The research will continue to examine this cathode until 
a definitive cause is found for the nonuniform emission. 
CCR scientists and engineers will then work with the 
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cathode vendor to address this issue in the manufacturing 
process. 

Figure 3. Magnified optical images of two regions on 
the cathode surface 

As additional defective cathodes become available, they 
will also be tested. A new test chamber is currently under 
construction that will allow more rapid and accurate 
measurement of cathode emission at considerably higher 
resolution. A photograph of the chamber being assembled 
is shovra in Figure 4. The chamber will include an 
electron beam scrubber for improved vacuum and will be 
adaptable to various sizes of magnetron injection guns. It 
is anticipated that the chamber will be available for 
pretesting cathodes prior to installation into tubes to avoid 
costly rebuilds from defective cathodes. 

Figure   4.   Test   chamber   for   measuring   emission 
uniformity of magnetron inj ection guns 

SUMMARY 
A research effort is underway to determine causes of 

nonuniform current emission in dispenser cathodes and 
eliminate them. The program is working primarily with 
magnetron injection guns operating in the temperature- 
limited regime. These guns are more sensitive to thermal 
variation than space charge hmited cathodes; however, 
the improvements in work function uniformity will be 
directly applicable to space charge limited operation. 
Increased uniformity of the work function will allow 
reduction in cathode temperature with a subsequent 
increase in cathode life. 

The program is also exploring in^roved designs for 
heaters for magnetron injection guns. Variable pitch and 
bombarder cathodes will be built and tested in the 
program. The program is also exploring improvements in 
heat shield configurations, potting, heater supports, 
cathode support, and manufacturing processes and 
procedures. Many of these will be applicable to both 
space charge limited and temperature limited cathodes. 

Improve cathodes will result in improved electron 
beams for a wide variety of RF sources. This will 
ultimately result in increase efficiency, greater yield, 
improved performance, and lower cost for these devices. 
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MULTIPLE BEAM GUNS FOR HIGH POWER RF APPLICATIONS 
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Abstract 
The U.S. Department of Energy is funding development 

of multiple beam electron guns for high power RF 
sources. The advantage of muhiple beam devices is that 
the operating voltage can be significantly reduced from 
that required for a single beam. In a multiple beam 
device, the beam power is divided into a multiplicity of 
smaller beams that traverse the RF circuit in individual 
beam tunnels. This dramatically reduces the space charge 
forces that drive the beam voltage requirement. The 
reduced operating voltage significantly reduces the cost 
of the power supply system, improves efficiency, reduces 
the device length, lower the magnetic field required for 
confinement, reduces radiations hazards, and increases 
the bandwidth. This paper describes an eight beam gun 
designed to produce 100 MW of beam power for a multi- 
ple beam klystron. 

INTRODUCTION 
Multiple beam guns (MBGs) are finding increased 

application in different types of microwave tubes. The 
advantages of having MBGs in a microwave tube, for 
example, in a klystron (MBK), is a decrease of beam 
voltage, reduced power densities and lower voltage 
gradients. Another advantage is increased bandwidth and 
lower x-radiation production. A detailed description of 
multiple beam devices and their advantages and 
applications was recently described in a publication by 
fi-om the Naval Research Laboratory[l]. 

At present most MBKs use Brillouin focusing where 
the cathode is shielded fi-om the magnetic focusing field. 
This type focusing is seldom used in the single beam, 
high power klystrons due to inferior beam transmission as 
compared to the confined flow focusing. Presently 
available MBK tubes typically have beam transmission of 
90% or less. In fact most of them have transmission less 
than 80%, some even operate with less than 70% trans- 
mission. In comparison most high power, single beam 
klystrons have transmission around 99%. 

MBKs with confined flow magnetic focusing will be 
capable of much higher values of RF power. The 
objective of this program is to demonstrate confined flow 
focusing in a multiple beam gun applicable to a 50 MW 
klystron at X-Band. 

The main objective of this program is to design 
multiple beam guns with confined flow focused beams 
off axis on a radius determined by the RF cavity design. 

This is not a trivial task, because in this type of gun, the 
magnetic flux reaching the cathode is no longer 
symmetric with the cathode center. If left uncompensated, 
the radial divergence in the magnetic field will distort the 
shape and size of the beam and prevent adequate 
transmission. 

COMPUTER SIMULATION TOOLS FOR 
2-D AND 3D INVESTIGATIONS 

The geometry of multiple beam gims requires advanced 
3D simulation tools. A number of the required tools were 
developed during the course of this research. The 
program extensively utilized a number of commercial 2D 
and 3D computer codes, including EGUN, TRAK, 
Maxwell 2D and 3D, and MAFIA. Principle code for 
modeling the electron beam optics was TOPAZ, a 
computer code developed by Valentin Ivanov at Stanford 
Linear Accelerator Center. Additional information on this 
code is available from another paper being presented at 
this conference[2]. 

MULTIPLE BEAM GUN DESIGN 

The beam requirements were determined for a multiple 
beam klystron producing 50 MW of RF power at 11.424 
GHz. The initial circuit design was performed in parallel 
by scientists in the United States and Russia. Both organi- 
zations arrived at the same circuit design and beam speci- 
fications, providing high confidence that the beam 
specifications were correct. Subsequently, U.S. 
Department of Energy funding was provided to perform 
more research on the klystron relevant to the gun 
produced here, and that program successfully produced a 
50 MW klystron design. That design is also being 
presented at this conference[2]. 

Each of the eight beams is designed to provide approxi- 
mately 12.5 MW of beam power with an operating 
voltage of 175 kV. The beam voltage was chosen to be 
consistent with currently available solid-state power 
supplies. The radial position of the electron beams is at 
the approximate position of the third radial maximum of 
the TMo3 mode at 11.424 GHz. This is 6.3 cm from the 
central axis of the gun. 

Initially, a 12.5 MW electron gun was designed on axis 
to determine the geometrical requirements for generating 
the correct perveance and beam size. The magnitude and 
shape of the magnetic field was also determined for the 
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on-axis gun and was used as the goal configuration for 
the off-axis guns. 

Following design of the 12.5 MW gun on axis, the 
geometry was shifted 6.3 cm from the axis and duplicated 
to generate eight electrons guns about the primary axis of 
the gun. At this point, 3D simulation was required to 
design electrical and magnetic structures to generate the 
goal magnetic field about the local axis of each of the 
eight beams. It was necessary to simulate all beams in 
order to properly account for the additional space charge 
in the cathode-anode regions and the self magnetic fields 
of all the beams. Principle design tools were MAFIA, to 
generate the electrical and magnetic fields and TOPAZ to 
propagate the electron beams through the device 
geometry. Figure 1 shows the predicted performance for 
one of the eight electron beams. 

Figure 1. TOPAZ simulation of one of the eight multiple 
beams 

The principle challenge in designing confined flow 
multiple beam guns is controlling the magnetic field in 
the cathode-anode region. Without correction, the field 
will radially diverge as it exits from the beam openings in 
the magnetic polepiece. During the program, iron 
structures were designed to surround the individual 
cathodes and force the magnetic field to be symmetric 
about the local axis of each cathode. 

Another challenge is to design the electric and magnetic 
field structure to counteract any tendency of the electron 
beams to spiral about the primary axis of the gun. It was 
determined that azimuthal correction to the field structure 
was required to generate beams that did not spiral. Figure 
2 shows the iron structure used to provide the required 
field correction. 

The gun is designed for testing in a special beam 
analyzer, also being developed on this program. The 
beam analyzer will allow testing of the gun at reduced 
voltage and current so that the current profile of an 
electron beam can be measured at various axial positions. 
Consequently, the prototype gun will be tested at 
approximately 12 kV. Stepper motors will transport a 
Faraday probe across the electron beam to generate a 
fransverse profile of the beam current. The probes can be 
located at several axial positions to measure beam scallop 
and detect any spiraling motion. 

A solid model of the prototype electron gun is shown in 
Figure 3. Because the gun will operate a significantly 
reduced voltage from the design value, it can be operated 
without a high temperature bake. The gtm will be con- 
nected to vacuum pumps through conflat flanges and will 
be demountable from the beam analyzer. The gun is 
designed so that critical surfaces can be readjusted, and 
the gun retested. It should be noted that the computer 
tools used for the design are, themselves, untested against 
actual measurements. Not only will the test results 
characterize the operation of the gun, they will also be 
used to validate the accuracy of the computer tools. This 
will facilitate design of additional 3D devices and 
development of more advanced multiple beam guns. 

Figure 2 Field shaping iron in cathode-anode region 

Figure 3. Solid model of eight beam electron gun 

ELECTRON GUN AND PROGRAM 
STATUS 

The design for the electron gun is complete and 
construction is underway. Figure 4 shows the eight 
electron guns mounted in the high voltage assembly. All 
parts for the gun are in stock, and the assembly should be 
completed in Jxme 2002. 

A beam analyzer is being constructed to measure the 
performance of the gun. A current probe will measure the 
transverse current profile at various distances from the 
cathode. This will allow determination of the beam size, 
scallop, current profile, and any spiraling of the beams. 
The beam analyzer is scheduled for completion at the end 
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of June. The power supply system is already in place and 
the control software is almost complete. 

Following successfijl completion of the development of 
this gun, a doubly convergent gun will be designed. That 
gim will allow an increase in the total beam power with a 
decrease in the cathode current emission density. 

Figure   4.   Eight 
construction 

beam,   multiple   beam   gun   under 

SUMMARY 

A multiple beam gun is ciurently being constructed to 
provide approximately 100 MW of beam power for an X- 
Band klystron. The gun consists of eight cathodes and 

field shaping iron to provide a high quality beam without 
spiraling. If successfiil, the gun will be capable of 
powering a 50 MW klystron with a beam voltage of less 
than 200 kV. 
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Abstract 
Calabazas Creek Research, Inc. is developing a 

gyroklystron amplifier for W-Band linear accelerator 
applications. The device will be available for testing W- 
Band accelerator components and systems. The 
gyroklystron will operate at 91.392 GHz and is predicted 
to produce 10 MW of RF power with an efficiency greater 
than 38% and a gain of 55 dB. The design uses the 
second-harmonic mode to reduce the magnetic field 
requirement and use available TWT drivers. The current 
circuit design employs six cavities consisting of an input 
cavity, four buncher cavities and a final output cavity. 
The output mode is a hybrid TE01/TE02 mode which 
facilitates transmission with reduced loss and flexibility 
for incorporating bends in the transmission system. The 
device is capable of depressed collector operation. The 
gyroklystron is fiilly assembled and ready for high power 
testing. 

INTRODUCTION 

Calabazas Creek Research, Inc. (CCR) is funded by 
the U.S. Department of Energy to develop a "high 
efficiency gyroklystron amplifier for W-Band linear 
collider applications. This research supports an 
international effort to design the next generation of linear 
electron-positron colliders with anticipated center of mass 
energies of 0.5 TeV and beyond. In particular, this 
program supports development of a W-Band accelerator 
being investigated by the Stanford Linear Accelerator 
Center. CCR is developing a 91.392 GHz gyroklystron to 
produce 10 MW of RF power with efficiency greater than 
40% and a gain of 55 dB. Achievement of 10 MW of 
peak power would advance the state of the art for W-Band 
amplifiers by two orders of magnitude and potentially 
lead to other applications, including land- and ship-based 
radar, medical accelerators, and materials processing. 

GYROKLYSTRON DESIGN 

The design uses the second-harmonic mode to reduce 
the magnetic field requirements and use available TWT 
drivers. The current circuit design employs six cavities 

consisting of an input cavity, foiu" buncher cavities and a 
final output cavity. A schematic of the circuit is shown in 
Figure 2. The input cavity is a fundamental cavity 
operating with the TEOll mode and uses radial coupling 
to the input rectangular waveguide. The first buncher 
cavity is operated in the fundamental TEOll mode. The 
following buncher cavities operate with the TE021 mode 
and are stagger-tuned to improve efficiency and 
bandwidth. The output cavity operates in the TE021 mode 
and has smooth-wall transitions along with a non-linear 
output taper to minimize mode conversion. 

Figure 1: Gyroklystron gun stem. 

Following the circuit, a large radial gap is introduced 
in the output waveguide to allow voltage depression of 
the beam collector to increase the overall efficiency. A 
hybrid mode is used (TEOl/02) to maximize transmission 
across the gap. An internal elbow is included to prevent 
beam bombardment of the output window. 
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AxiaMocation (mm) 

Figure 2: Schematic of gyroklystron circuit. 

The output window is a single disk alumina ceramic. 
The predicted RF performance is shown in Figure 3. 
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Figure 3: Predicted performance of gyroklystron window. 

The gyroklystron uses a superconducting magnet 
manufactured by Cryomagnetics Corporation. There are 
also three room temperature collector coils to help 
distribute the spent beam power. Two TWT drivers are 
available for testing. 

A layout drawing of the gyroklystron is shown in 
Figure 4 and a photograph is shown in Figure 5. Table 1 
and Table 2 summarize the system parameters and current 
results. 

Figure 4:   Layout drawing of the 10 MW, 91.4 GHz, 
second-harmonic gyroklystron. 

Table 1: Gyroklystron Parameter  
System Parameters Value 
Beam Voltage (kV) 
Beam Current (A) 
Average velocity ratio 
Average beam radius (mm) 
Peak magnetic field (kG) 
Drive frequency (GHz) 
Drive power (W) 

500 
55 
1.6 
1.62 
28 
45.696 
17 
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Table 2: Design results achieved in simulations 
System Parameter Value  
Electronic efficiency (%)               38 
Gain (dB)                                     58 
Output power (MW)                      10.5 
Axial velocity spread (%) 4.4  

SUMMARY 
A 10 MW, 91 GHz is assembled and ready for final 

testing. Following successful completion of testing, it will 
be available for high power component and system 
research. 
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Figure 5: 10 MW, W-Band Gyroklystron. 
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DEVELOPMENT OF AN 805-MHZ, 550 KW PULSED KLYSTRON FOR 
THE SPALLATION NEUTRON SOURCE* 

S. Lenci, E. Eisen, and B. Stockwell, CPI, Palo Alto, CA, USA 

Abstract 

The Spallation Neutron Source (SNS) is an accelerator- 
based neutron source being buih in Oak Ridge, Tennessee, 
by the U.S. Department of Energy. The SNS will provide 
the most intense pulsed neutron beams in the world for 
scientific research and industrial development. CPI is 
supporting the effort by providing 550 kW pulsed 
klystrons for the super-conducting portion of the 
accelerator. The primary output power requirements are 
550 kW peak, 49.5 kW average at 805 MHz, with an 
electron beam-to-rf conversion efficiency of 65% and an 
rf gain of 50 dB. A total of 73 units are on order. Through 
April 2003, eighteen units have been factory-tested. 
Performance specifications, computer model predictions, 
and operating results will be presented. 

INTRODUCTION 
CPI, formerly the of the Electron Device Group of 

Varian Associates, has a long history of building high- 
power pulsed UHF klystrons for many applications. This 
550 kW pulsed klystron will be used in the 
Superconducting Knac of SNS. Up to 12 klystrons will be 
powered from a single power supply. Since the klystrons 
do not have a modulating anode, the cathode voltage will 
determine the beam current. The system must 
accommodate variation in klystron perveance as well as 
end of Kfe operation. The result is the klystron with the 
highest cathode voltage requirement will determine the 
operating level of the entire group of klystrons. 

Although the peak and average rf power requirements 
are fairly modest, the combination of high efficiency 
(65%) and high gain (50 dB) provided quite a challenge. 
The additional constraint on beam operation and 
microperveance limited design options. 

A total of 73 of the 550-kW tube, VKP-8291A, have 
been ordered. The prototype unit had low efficiency, but 
all subsequent tubes have met all the specification 
requirements. Through April 2003, a total of eighteen 
units have been factory tested. The contractual delivery 
rate is 2 per month with the 73rd unit being delivered in 
December 2004. 

DESIGN 
Electrical Design 

The electron gun design is primarily performed using 
XGUN, starting with the electrostatic beam optics. Once 
the performance is satisfactory, the design is refined with 
magnetic field is applied. Care is taken to evaluate and 

minimize the beam scallop down the drift tunnel. 
Analyses are performed at various operating conditions. 
The voltage gradients of the gun electrodes are analyzed 
with a goal of a maximum gradient of 60 kV/cm for this 
long pulse device. Great care is taken to ensure a well- 
behaved beam is obtained. The peak cathode loading is 
0.6 Amps/cm2, which yields a predicted cathode Ufe in 
excess of 100,000 hours. 

Figure 1: VKP-8291A Klystron 

The baseline for the electrical design was our 700 MHz, 
1 MW CW klystron built for the APT project at LANL, 
which also had to meet a 65% efficiency requirement. The 
rf-circuit contains six cavities, including one tuned 
slightly below the second harmonic of the operating 
frequency. The design is optimized to provide the 
required efficiency and gain without compromising 
bandwidth. The first two cavities are staggered around the 
operating frequency to provide the bandwidth. Next is the 
second-harmonic cavity followed by two inductively 
tuned cavities to optimize the electron bunching. The 
output cavity then extracts energy from the beam. 

♦Work supported by US Department of Energy 
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The rf-circuit is designed using 1-D and 2-D particle- 
in-cell codes developed at CPI. Many years of 
benchmarking the codes to measured results has lead to 
high confidence in the results. SUPERFISH is used for 
cavity design, while HFSS and MAFIA are used for the 
output cavity and output window design. 

Mechanical Design 
The klystron is required to operate vertically with the 

gun down and is shown Figure 2. The two buncher 
cavities and the two inductively tuned cavities have 
stainless steel walls with copper endwalls, with cavities 4 
and 5 copper plated to reduce resistive loss. The second 
harmonic and output cavities have OFE copper walls. The 
550-kW tube incorporates diaphragm tuners in the cavities 
for adjusting the frequency. 

\: 

"*r 

d 

105   in 
(267  cm^ 

Table 1: VKP-8291A Performance Summary 
VKP-8291A 
Specification 

VKP-8291A 
Typical 

Frequency 805 MHz 805 MHz 
Peak Cathode Voltage 75 ± 1.5 kV 75 kV 
Peak Beam Current 11.5 Amps max 11.2 Amps 
Perveance .55 nom .54 
Peak Output Power 550 kW min 560 kW 
-1 dB Bandwidth + 1.3MHzmin ±2MHz 
Efficiency 65% min 67% 
RF Duty Cycle 9% 9% 
RF Pulse Length 1.5 msec 1.5 msec 
Peak RF Drive Power 5.5 Watts 4.3 Watts 
Gain 50 dB min 51dB 

The transfer and bandpass curves of all 18 units, along 
with the simulation predictions, have been plotted 
together for comparison as seen in Figures 3 and 4. The 
prototype klystron stands out as the only unit that did not 
meet the efficiency requirement. Otherwise the variation 
among the units is quite reasonable. 

o 
ic 200 

0^ rsm^ ̂ ^^^S! H r-ii 
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PREDICTED 
PERFORMANCE 

\ 

Figure 2: VKP-8291A Klystron Layout 
2 3 4 5 6 7 

Peak Drive Power, Watts 

The rf energy is extracted through a single window with 
an alumina ceramic. The pillbox window is designed 
around WR-975 wavguide. 

The collector is designed to dissipate the entire beam 
energy. It is made from thick-walled copper with grooves 
milled into the outer wall for the coolant to pass. The 
water-jacket is part of the brazed collector assembly. The 
proof test pressure is 200 psi (13.6 bar). 

TEST RESULTS 
The prototype met all performance specifications 

except for the efficiency. Only 62.3% was achieved 
instead of 65%. The specification efficiency could be 
achieved when the magnet power was increased above the 
allowable limit. Modifications to the rf circuit were 
implemented to correct this deficiency. See Table 1 for the 
performance summary. 

Figure 3: VKP-8291A Transfer Curves 
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Figure 4: VKP-8291A Bandpass Curves 

1123 



Proceedings of the 2003 Particle Accelerator Conference 

Each klystron has to demonstrate stable performance 
and achieve 80% of its rated power at six equally spaced 
positions of a 1.2:1 mismatch. Figure 5 plots a set of 
transfer curves at different mismatch positions and into a 
matched load for S/N 015. 
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Figure 5: Performance into a 1.2:1 VSWR 

The Phase Transfer Characteristic (the insertion phase 
of the klystron) is required to be a smoothly varying, 
monotonic function as the drive power is increased from 
20% to 100% of the saturated drive, and is measured on 
each unit. Samples of the input and output power were 
processed through an Analog Devices AD8302 RF/IF 
Gain and Phase Detector. The phase detector output 
voltage was observed on a scope and averaged over many 
pulses. The phase shift was measured in 0.5 dB 
increments as the drive power was reduced from saturated 
output (0 dB) to -13.5 dB (4.5% of saturated drive). 
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The production rate to support this contract has 
provided an opportunity to evaluate operational and 
performance variation. Some of the variation is due to 
manufacturing tolerances, such as spacing in the gun that 
directly influence the microperveance, and some are due 
to optimizing performance at test. The gain and 
bandwidth are greatly influenced by the cavity tuning. We 
found if the gain is too high, the tube is much closer to 
instabilities should the magnet settings or beam voltage 
drift. Our goal is to set the gain just below 51 dB to 
provide margin. 

-14  -13  -12 -11   -ID   -9    -8    -7-6-5-4    -3    -2    -1     0     1 

Drive Power, dB below Saturation 

0     1     2    3    4    5    6    7    8    9   10   11   12   13  14   15   16   17   18  19 
Build Sequence 

Figure 7: Summary of Performance in Build Sequence 

CONCLUSIONS 
The measured results instill high confidence in our 

simulation codes. The tube also demonstrates a high 
degree of stability under various operating conditions. 
Although the prototype 550-kW klystron did not meet the 
efficiency specification, all subsequent tubes have met all 
aspects of the specification. 
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Figure 6: Relative Phase Change vs. Drive Power 
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DESIGN AND TEST OF A lOOMW X-BAND TEoi WINDOW 

Jeff Neilson and Lawrence Ives 
Calabazas Creek Research, Inc. 

20937 Comer Dr, Saratoga, CA 95070 
Email: jeff@calcreek.com 

Sami G. Tantawi 
Stanford Linear Accelerator Center 
P.O. Box 4349, Stanford, CA 94309 

Research at Stanford Linear Accelerator Center 
(SLAC) is in progress on a TeV-scale linear collider that 
will operate at 5-10 times the energy of present- 
generation accelerators. This will require development of 
high power X-Band sources generating 50 -100 MW per 
source. Conventional pillbox window designs are capable 
of transmitting peak rf powers up to about 30 MW, well 
below the desired level required for the use of a single 
window per tube. SLAC has developed a 75 MW TEQI 
window [1] that uses a 'traveling wave' design to 
minimize fields at the window face. Irises match to the 
dielectric window impedance, resulting in a pure traveling 
wave in the ceramic and minimum fields on the window 
face. The use of the TEQI mode also has zero electric field 
on the braze fillet. Unfortunately, in-band resonances 
prevented this window design from achieving the desired 

75MW power level. It was believed the resonances 
resulted fi-om sudden steps in the circular guide to match 
the 38mm input diameter to the overmoded (TEoi and 
TEo2 mode propagating) 65 mm diameter of the window 
ceramic. 

Calabazas Creek Research Inc. is currently developing 
a traveling wave window using compact, numerically 
optimized, parabolic tapers to match the input diameter of 
38nim to the window ceramic diameter of 76mm (Figure 
1). The design is projected to handle 100 MW of pulse 
power with a peak field at the window face of 3.6 MV/m. 

Cold test of the window has shown the return loss to 
be better than -25 dB over a 100 MHz bandwidth and to 
be resonance fi-ee (Figure 2). The window is scheduled 
for high-power testing in July 2003 at the SLAC. 

Iris 

38mm I 

ArcTaper 

Parabolic Taper 

Alumina Disk 
(76mm ID) 

Figure 1. Cross section of high power X-Band window. 
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Figure 2. Crossection of high power X-Band window. 
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DEVELOPMENT OF A MULTI-MEGAWATT 
CIRCULATOR FOR X-BAND 

Jeff Neilson and Lawence Ives, Calabazas Creek Research, Inc., Saratoga, CA 95070 
Sami G. Tantawi, Stanford Linear Accelerator Center, Stanford, CA 94309 

Research is in progress on a TeV-scale linear collider 
that will operate at 5-10 times the energy of present- 
generation accelerators. This will require development of 
high power RF sources generating of 50 -100 MW per 
source. Transmission of power at this level requires 
overmoded waveguide to avoid breakdown. In particular, 
the TEoi circular waveguide mode is currently the mode 
of choice for waveguide transmission at Stanford Linear 
Accelerator Center (SLAC) in the Multimode Delay Line 
Distribution System (MDLDS). 

A common device for protecting an RF source from 
reflected power is the waveguide circulator. A circulator 
is typically a three-port device that allows low loss power 
transmission from the source to the load, but diverts 
power coming from the load (reflected power) to a third 
terminated port. To achieve a low loss, matched, three 
port junction requires nonreciprocal behavior. This is 
achieved using ferrites in a static magnetic field which 
introduces a propagation constant dependent on RF field 
direction relative to the static magnetic field. 

Circulators are currently available at X-Band for 
power levels up to 1 MW in fiindamental rectangular 
waveguide; however, the next generation of RF sources 
for TeV-level accelerators will require circulators in the 
50-100 MW range. Clearly, conventional technology is 
not capable of reaching the power level required. 

In this paper, we discuss the development of an X- 
Band circulator operating at multi-megawatt power levels 
in overmoded waveguide. The circulator will employ an 
innovative coaxial geometry using the TEQI mode. 
Difficulties in maintaining mode purity in oversized 
rectangular guide preclude increasing guide area to allow 
increasing the power level to the desired 50-100 MW 
range. 

The TEoi mode in circular waveguide is very robust 
mode for transmission of high power in overmoded 
waveguidel The mode is ideal for transmission of high 
power microwaves because of its low-losses, zero 
tangential field on the guide (which minimizes arcing 
problems) and reduced propensity for mode conversion 
compared to non-asymmetric circular waveguide modes. 
Unfortunately, no current designs exist for circulators 
using the circular TEQI mode. 

The basic building block for all low-loss circulators 
and isolators is a nonreciprocal element with a phase shift 
dependent on the propagation direction in the guide. Such 
an element can be constructed by placement of a hollow 
ferrite rod in a cyhndrical waveguide. An inner conductor 
placed inside the ferrite rod conducts a current pulse that 
induces an azimuthal magnetic field inside the ferrite. 
This configuration is depicted in Figure la. An alternate 
configuration  using  permanent  magnets  is  shown  in 

(a) 

TBOllVbde* A Ifenite 

Qjrreit 
Rdse 

^ 

Induced 
IV^gnetic Held 

D 
M 
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IVfignaicHdd 
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Figure 1. Configurations for nonreciprocal element 
for TEOI mode in circular waveguide, (a) Inner 
cylindrical placement of ferrite with azimuthal field 
induced by current pulse through conductor inside ferrite. 
(b) Transverse cross section of cylindrical guide with 
ferrites on outer radius guide with azimuthal field 
induced by external permanent magnet field. 

Figure lb. Either of these configurations will create a dif- 
ferent phase shift for waves propagating in opposite 
directions along the waveguide axis. This feature can be 
used to develop a high power circulator. 

We are currently testing a TEQI nonreciprocal phase 
shifter in a 50 MW test stand. This device is in the 
configuration shovra in Figure la. The induced 
differential phase shift and loss will be measured and 
compared to calculations. 

This work was supported by U.S. DOE Small 
Business Innovative Research grant DOE DE-FG03- 
01ER83210. 
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PERFORMANCE OF X-BAND PULSED MAGNICON AMPLIFIER* 

O.A. Nezhevenko/ V.P. Yakovlev,' J.L. Hirshfield,^'^ E.V. Kozyrev/'* 
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Abstract 
A frequency-doubling magnicon amplifier at 11.4 GHz 

has been developed and built as the prototype of an 
alternative microwave source for the Next Linear 
Collider, and to test high power RF components and 
accelerating structures. The tube is designed to produce 
-60 MW, in ~1.2 usec pulses at 58% efficiency and 59 
dB gain, using a 470 kV, 220 A, 2 mm-diameter beam. 
Recent results of the tube performance are presented in 
this paper. Operation of this magnicon has established a 
research facility located at NRL as only the second 
laboratory in the USA, after SLAC, where high-power 
microwave development at the NLC X-band frequency 
can take place. 

INTRODUCTION 
This paper describes the current experimental status of 

the 11.424 GHz Omega-P/NRL magnicon amplifier [1], 
that is under development as an alternative RF source for 
a future electron-positron linear collider. The magnicon 
[2] is microwave amplifier tube that combines the 
scanning beam synchronism of the gyrocon [3] with a 
cyclotron resonant interaction in the output cavity. This 
synchronism makes possible high efficiencies and, with 
larger cavities than in klystrons, allows higher powers at 
high frequencies than comparable klystrons [2,4]. 

A schematic layout of the Omega-P/NRL magnicon is 
shown in Fig. 1. The tube consists of an electron gun, 
-6.5 kG solenoid, RF circuit and collector insulated from 
ground. The 500 kV diode gun provides the required 100 
MW of power, and a 2 mm diameter beam in the solenoid 
which corresponds to a beam area compression of 1400:1 
[5]. The RF circuit has six 5.712 GHz TMno deflection 
cavities (a drive cavity, three gain cavities and two 
penultimate cavities), followed by an 11.424 GHz TM210 
output cavity. In contrast to the magnicon described in 
ref. [4], the two penultimate cavities are not coupled and 
operate in the angle summing mode, in order to suppress 
an instability that limits the pulse width [6]. To extract 
RF power there are two output apertures at the 
downstream end of the output cavity, separated by 135°, 
that couple to WR-90 waveguides. 

The magnicon design parameters for the measured 2- 
mm beam diameter [5] are summarized in Table 1 and 
general view of the tube is shown in Fig.2. 

WR-90WAVESUIDE 

VACION PUMP 

OUTPUT CAVITY 

PENULTIMATE 
CAVITIES 

GAIN CAVITIES 

DRIVE CAVITY 

GATE VALVE 

ELECTRON GUN 

Figure 1. The magnicon schematic. 

Table 1. Design parameters of the X-band magnicon. 

Frequency, GHz 11.424 
Power, MW 60 
Efficiency, % 58 
Pulse duration, usec 1 
Maximum repetition rate, Hz 10 
Gain, dB 59 
Drive frequency, GHz 5.712 
Beam voltage, kV 470 
Beam current, A 220 
Perveance.A-V-^'^xlO-* 0.68 
Beam diameter in magnet, mm 2 

♦Work supported by DoE and ONR 
"Permanent address: Budker INP, Novosibirsk 630090, Russia 

EXPERIMENTAL RESULTS 
1. Operation of the Omega-P/NRL magnicon has 
established an 11.424 GHz high power accelerator test 
facility at NRL. During 2001-2002, the facility was used 
to carry out two separate collaborative experimental 
programs, namely study of high-power active microwave 
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Fig. 2. General view of 11.424 GHz magnicon. 

pulse compressors and high-gradient dielectric-loaded 
accelerating structures [7]. In 2002 high-power ceramic 
windows were installed at the magnicon output 
waveguides. These windows, built by Calabazas Creek 
Research, Inc. [8], allow one to change the test 
experimental configuration without breaking vacuum in 
the tube. Starting in February 2003, the magnicon 
underwent an extensive three-month cycle of rf 
conditioning. 
2. After this cycle of conditioning, the output power 
remained limited to a level of 26 MW in a 200 ns pulse. 
Oscillograms are shown in Fig. 3. 

a.'^f** 

Fig. 3. Oscillograms of both output signals, and signal 
fi-om the penultimate (6*) cavity. Beam voltage pulse is 
shown alscThe output power is about 13 MW in each 
output, the beam voltage is 490 kV and surface rf field in 
cavity 6 is about 600 kV/cm. 

One can see that both output signals look similar, and that 
the output pulse width is limited by effects in the output 
cavity but not in the deflection system. Pulses from both 
penultimate cavities have the full width (signal from 
cavity 6 is shovra in Fig.3) compared to the shortened 
output pulses. The output power was measured 
calorimetrically in both output waveguides. The 
measurements show that the output powers in the 
waveguides are equal to within a few percent over a wide 
range of output power. 
3. The dependences of signals from the last three 
deflection cavities, as well as output power vs. input 
power, are shown in Fig. 4. 
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Fig. 4. Signals from the last three deflection cavities and 
the output power vs. the input power. 

One can see that behavior of the measured curves is in 
good agreement with the simulation results. The 
maximum surface electric fields are given in Fig. 4 as 
well. One can see that these fields are well below the 
breakdown limit. Note, that the maximum achieved 
surface electric field in cavity 6 (Fig. 3) is about 600 
kV/cm, which is higher than the value required for 
magnicon operation at a full power of 60 MW.    The 

1129 



Proceedings of the 2003 Particle Accelerator Conference 

curves in Fig. 4 are plotted against the measured input 
power, which is higher than the calculated value, mostly 
due to a shift in the first cavity frequency, which leads to 
strong reflections from the input port. 
4. The shape of the shortened output signals and relatively 
low surface electric field in the magnicon cavities (Fig. 4) 
strongly suggest that the reason for the pulse shortening is 
not breakdovra, but multipactoring. It was also found that 
pulse shortening is accompanied by a pressure increase in 
the tube collector. In an attempt to understand the 
possible cause of the observed problems, measurements 
of microwave signals from the collector have been made. 
The results of these microwave measurements are shown 
in Fig. 5 and Fig. 6. The oscillograms in Fig. 5 are taken 
in the regime of relatively low power, when there is no 
pulse shortening. The collector signal measurement was 
made with shorted slotted line, and the shape of the signal 
is very similar to that from cavity 6. The frequency 
measurements were made with both the slotted line and a 
heterodyne method. The measured frequency is exactly 
equal to the magnicon drive signal (-5712 MHz). Up to 
the certain level of power the amplitude of the collector 
signal scales smoothly with the magnicon input signal. 
When the input power is increased, pulse shortening in 
the collector signal is observed, and this begins at a power 
level that is lower than the level when output pulse 
shortening begins. These observations suggest excitation 
of a resonant mode in the collector, with efficient 
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Fig.5. Magnicon signals for low power. 

interaction of the gyrocon/magnicon type [2,3]. At the 
maximum power level, the collector signal drops to low 
amplitude, and one can see a peak in the midst of the 
collector signal (Fig. 6). The frequency of the signal in 
the peak is about 6.7 GHz. This signal is not synchronous 
with the magnicon drive or output firequencies and most 
probably is the resuh of self-excitation. 

Thus, one is led to conclude that effects leading to 
output pulse shortening originate in the collector. The 
collector plasma cannot play a significant role in the 
interaction between the collector and the output cavity. 

because the plasma drift time would be too long and the 
time difference between these two effects is too small. 
Most probably, electrons from multipactoring in the 
collector drift along the magnetic field into the output 
cavity, thereby triggering multipactoring therein. 

Beam voltaae 

Fig.6. Magnicon signals for high power. 

CONCLUSION 
Future plans include design and fabrication of a new 

collector, based on the design of the collector built for the 
34 GHz Omega-P magnicon [9]. This latter collector 
does not incorporate a large intemal chamber that could 
support a spurious resonant mode, but also allows extemal 
damping to be inserted around the collector insulator in 
case oscillations do arise. It is anticipated that use of a re- 
designed collector will allow the 11.424 GHz magnicon to 
reach its design output power in a full-width pulse. 
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Abstract 
A high efficiency, high power magnicon at 34.272 

GHz has been designed and built as a microwave source 
to develop RF technology for future muIti-TeV electron- 
positron linear colliders. To develop this technology, this 
new rf source is being perfected for necessary tests of 
mm-wave accelerating structures, RF pulse compressors, 
RF components, and to determine limits of breakdown 
and metal fatigue. The description of this magnicon and 
first experimental results are presented in this paper. 

INTRODUCTION 
One of the attractive candidates for the role of rf source 

for a new generation of particle accelerators is the 
magnicon, a microwave amplifier employing circular 
deflection of an electron beam [1]. Magnicons have 
shown great potential with both high efficiency and high 
power. A first magnicon to have demonstrated these 
qualities was build and tested in the 80's in Novosibirsk. 
A power of 2.6 MW was obtained at 915 MHz with a 
pulse width of 30 \xsec and an electronic efficiency of 
85% [2]. In experimental tests also at Budker INP [3], a 
second harmonic magnicon amplifier operating at 7.0 GHz 
achieved an output power of 55 MW in a 1.1 (xsec pulse, 
with a gain of 72 dB and efficiency of 56%. Another 
frequency-doubling magnicon amplifier at the NLC 
frequency of 11.424 GHz has been designed and built in a 
collaboration between Omega-P, Inc and NRL. The tube 
is designed to produce -60 MW at 60% efficiency and 59 
dB gain, using a 470 kV, 220 A, 2 mm-diameter beam [4]. 
At present, the tube is conditioned up to power level of 25 
MW for 0.2 usec pulse widths [5]. 

In order to develop RF technology in the millimeter 
wavelength domain for a fiiture multi-TeV electron- 
positron linear collider, it is necessary to test accelerating 
structures, RF pulse compressors, RF components, and to 
determine limits of breakdown and metal fatigue. A high 
efficiency, high power magnicon at 34.272 GHz has been 
designed and built as the basis for a test facility dedicated 
to carrying out these aims. 

THIRD HARMONIC MAGNICON 
AMPLIFIER 

In scaling magnicon amplifiers to higher frequencies 
(consequently, smaller physical dimensions), a few design 
problems arise at high power due to the limitations 
imposed by cathode loading, rf breakdovni and pulse 

Work supported by US DoE 

heating of the cavity walls. The concept of a third 
harmonic magnicon ampHfier is introduced to overcome 
these limitations [6,7]. 

In general, a magnicon (as a klystron) consists of four 
major components, namely an electron gun, magnet, RF 
system and beam collector. The electron gun injects a 
500 kV, 215 A beam with a diameter of about 1 mm into 
a chain of cavities forming the RF system. The deflection 
system consists of a drive cavity, three gain cavities and 
two "penultimate" cavities (working in "angle summing" 
mode [8]). The external magnetic field provides both 
beam focusing and coupling between the electrons and the 
RF fields in the cavities. The electron beam is radially 
deflected by the RF magnetic fields of rotating TMUQ 
modes in the deflection system cavities. The scanning 
beam rotates at the frequency of the drive signal (11.424 
GHz), then enters the output cavity and emits radiation at 
three times the drive fi-equency (34.272 GHz) by 
interacting with the TM310 mode. Fig. 1 shows the 
required magnetic field profile (top) and the 
superconducting coil configuration and iron yoke 
geometry to achieve this profile (bottom). For effective 
deflection, the magnetic field in the deflection system 
should be such that Q/m ~ 1.5, where Q is the cyclotron 
frequency and a is the drive frequency. In the output 
cavity, however, for efficient extraction of energy, the 
magnetic field should be chosen such that Q/3w -0.9 [7]. 

The design parameters of this amplifier are given in 
Table I. 

Bz(«) 
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Collector 
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L /    „ 
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\0       26 42       58 74     Z(cm) 

Fig. 1. Required axial magnetic field profile (top), and 
superconducting coil and iron yoke layout (bottom). 
Cavity chain and collector are also shown. Inserts at the 
right show RF field patterns for cavities #1-6 of deflecting 
system (TMno mode at 11.424 GHz), and for the output 
cavity (TM310 mode at 34.272 GHz). 
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The gun design [9] calls for a cathode current density of 
12 A/cm^, and a maximum surface electric field strength 
of 238 kV/cm on the focus electrode. It is found in this 
design that 95% of the current is within a diameter of 0.8 
mm [9] in the magnet. 

TABLE 1. 34.3 GHz magnicon parameters.            | 
Operating frequency, GHz 34.272 
Output power, MW 44-48 
Pulse duration, us 1.5 
Repetition rate, Hz 10 
Efficiency, % 41-45 
Drive frequency, GHz 11.424 
Drive power, W 150 
Gain, dB 54 
Beam voltage, kV 500 
Beam current, A 215 
Beam diameter, mm 0.8-1.0 
Magnetic field, deflecting cavities, kG 13.0 
Magnetic field, output cavity, kG 22.5 

An engineering design drawing of the complete 34.272 
GHz magnicon is presented in Fig. 2. 

Fig. 2. 34.272 GHz magnicon ampUfier tube: /-electron 
gun, 2-RF system, 5-output waveguide (WR28), 4-WR90 
waveguide, 5-superconducting coils, 6-iron yoke, 7- 
cryostat, 8-beam collector. 

The RF system consists of seven cavities: one drive (#1) 
three gain (#2-4), two "penultimate" (#5-6), and one 
output cavity (#7). The shapes and dimensions of the 
cavities are chosen to avoid monotron self-excitation of 
axisymmetric modes, and of harmonic frequency modes 
[7]. All cavities of the deflection system are about 1.25 
cm long and their diameters are about 3.0 cm. There are 
four WR90 waveguides built in the body of the deflecting 
system. One is for the drive cavity, and the rest are for 
diagnostic measurements in cavities #3, 5 and 6. These 
waveguides are also used for pumping. The length of the 
output cavity (3.15 cm) and its shape were optimized to 
achieve maximum efficiency, absence of parasitic 
oscillations, and acceptable surface electric fields [7]. 
The diameter of the output cavity is about 1.75 cm 
Power is extracted through four WR28 waveguides 
having an azimuthal separation A0=7i/2 that couple to 
both field polarizations [7]. Only one of the four is shown 
in Fig. 2. The RF system is built as a brazed monoblock 
that allows baking up to 400° C. 

EXPERIMENT 
Before assembling the full magnicon, the gun and beam 

collector were assembled and tested up to the design 
power of 100 MW in jxsec pulses [9]. Initial conditioning 
up to -515 kV was carried out without beam current. To 
achieve this, a matched load was connected to the primary 
of the pulse transformer. After cold conditioning, the gun 
was conditioned and tested hot up to -480 kV and -200 
A. The measured beam current is in excellent agreement 
with the design value, with a measured error no greater 
than ±2%. 

The magnicon was then assembled, cold tested and 
baked out in 2002. The cryomagnet was installed only 
later, after making modifications necessary to achieve the 
required axial symmetry of the magnetic field. 

The general view of the fully assembled tube is shown 
in Fig. 3. 

Preliminary tests of the tube were conducted for only a 
few days prior to PAC2003. Oscillograms of the 
measured input and output signals are shown in Fig. 4. 
The beam voltage for this experiment was 450 kV, beam 
current was 185 A, and drive frequency was 11.428 GHz. 
After a few days of conditioning at a repetition rate of 1 
Hz, the output signal had not yet stabilized, and in the 
process of conditioning a rise of pressure is observed. 
Preliminary calibration shows about 1 MW of output 
power in one output and consequently, about 4 MW in 
total. 

CONCLUSION 
The 34 GHz magnicon amplifier is assembled and first 

tests have been conducted. To date the measured output 
power is about 4 MW. 

The program of future experimental work on the 34 
GHz magnicon test facility includes: 
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a) Experimentation on metal fatigue caused by 
pulse heating, and consequently determination of 
accelerating structure longevity. 

b) Development high-power components, including 
output windows, mode converters, phase shifters, 
power splitters and power combiners, low-loss 
transmission lines, etc. 

Fig. 3. The general view of the fully assembled tube. 

Fig.4. The oscillograms of the measured input and 
output signals. The upper curve represents output 
power and the lower curve is incident input signal. 
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Abstract 
The transport of sheet electron beams is an 

important issue in the development of high-power RF 
generators because large amounts of current can be 
achieved at reduced space-charge density. In this paper 
we analyze equilibrium configurations for the transport of 
sheet electron beams in tapered solenoidal focusing 
fields. In particular, we use the generalized envelope 
equations obtained for the evolution of space-charge- 
dominated beams propagating through a general linear 
focusing channel [R. Pakter and C. Chen, Phys. Rev. E, 
62, 2789 (2000)] to derive an optimal focusing field 
profile for sheet beam transport. Analytic solutions based 
on multi-time scale perturbation theory are found and 
compared to numerical simulations. 

INTRODUCTION 
The improvement of high-power vacuum microwave 

sources plays a crucial role in the development of the new 
generation of high-gradient, high-frequency particle 
accelerators [1]. As scaling up the microwave sources to 
higher frequencies, a significant difficulty is the need to 
transport intense beams through decreasing aperture sizes, 
because the RF circuit dimensions decrease with the 
wavelength. In this regard, the use of sheet electron 
beams seems a promising concept, since larger amounts 
of current can be transported at lower current densities by 
increasing the width of the beam, while keeping its height 
of the order the RF wavelength [2-4]. The main drawback 
on the use of sheet beams in comparison to the usual 
round beam is that the sheet beam may be more 
vulnerable to some instabilities in ordinary solenoidal 
focusing channels [5]. 

In this paper, we analyze the transport of sheet 
electron beams in solenidal focusing systems. In 
particular, we consider the case of tapered focusing fields, 
and search for field profiles leading to equilibrium 
solutions for the transport. Use is made of the generalized 
envelope equations obtained for the evolution of intense 
beams in general linear focusing systems [6] to derive an 
equation for the magnetic field profile as a function 
propagation distance. 

MODEL AND THE GENERALIZED 
ENVELOPE EQUATIONS 

In this section we review the generalized envelope 

* Work supported by CNPq and CAPES, Brazil. 
• pakter@if.uftgs.br. The author would like to thank the partial 

support from the PAC03 Organizing comity. 

equations [6], specializing to the transport in solenoidal 
focusing fields. Let us consider a thin, continuous, space- 
charge-dominated beam propagating with constant axial 
velocity P^ct. through a solenoidal focusing field. Here, 

c is the speed of light in vacuum. The focusing magnetic 
field is approximated by 

Bo(x)=S,(5)e,-is:(.)(xe, + yeJ (I) 

where s = z = P^ct is the axial coordinate, and the prime 

denotes derivative with respect to s. 
It has been shown in the paraxial approximation that 

there exists a class of solutions to steady-state cold-fluid 
equations [6], which, in general, describes corkscrewing 
elliptic beam equilibria for, space-charge-dominated 
beam propagating through the applied focusing magnetic 
field defined in Eq. (1). The generalized beam envelope 
equations are [6] 

a + 

b'- 

a^-b" -2or^V^ 
2K_ 

a + b 

' a^\(jc]-lajx)i-vb^o^^ 
+ 2a^yl^ 2K 

a+b 

I 

b ds 

a ds 

= 0 

(2) 

= 0, 

(3) 

(4) 

\ay + . 
a'-b'    ds 

ds 

a^Uy -b^a^ 
= 0. 

0,     (5) 

(6) 

where ^ic^ {s) = qB^ (s)/ ly^P^mc^ is the focusing 

parameters for the solenoidal and qudrupole-focusing 

magnetic fields, K = 2q^N^/ylP^mc^ is the normalized 

self-field perveance, a{s), b{s), and 0{s) are the major 

radius, the minor radius, and the angle of rotation with 
respect to the laboratory frame of the ellipse that 
describes the cold-fluid corkscrewing elliptic beam 
equilibrium density illustrated in Fig. 1, and the variables 
a^{s) and 0!y{s) specify the corresponding equilibrium 

flow velocity as defined in Refs. 6. Here, m and q are 

the rest mass and charge of the particle, N^ is the number 

of particles per unit axial length, and y,, =\[-p^j"^ is 

the relativistic mass factor. 
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In general, the envelope equations (2)-(6) are used to 
determine beam evolution for a given external focusing 
field. In the case of sheet electron beams in solenoidal 
focusing field to be discussed in the next section, we 
apply the generalized envelope equations to determine 
field profiles that lead to equilibrium beam transport, 
given the required constrains on the beam evolution. 

Figure 1: equilibrium density profile in the laboratory and 
rotating coordinate systems. 

SHEET BEAM TRANSPORT IN 
SOLENOroAL FIELD 

In the case of sheet electron beams, the ellipsis that 
describes the equilibrium beam density has one of the axis 
much greater than the other, i.e. a»b, and its is 
required that the beam does not rotate, such that the 
conditions e{s) = Q, dd(s)/ds = 0 must be satisfied 
throughout the focusing channel. From Eq. (6) it is seen 
that this condition implies that a{s), b{s), a^{s) and 
a^is) are not independent anymore, but must satisfy 

aW^=b'al (7) 
for all s. Therefore, the task that we propose here is to 
determine a solenoidal focusing field profile that 
guarantees the condition imposed by Eq. (7). 

Using Eq. (7), and keeping only the leading order 
terms of a/b, the generalized envelope equations can be 
written as 

ds^ 
- = 0, (8) 

(9) 

(10) 

(11) 

where £2,. (i) = 2^JKJS) is the Larmor frequency, which 
is proportional to the focusing field strength. The set of 
equations (8)-(l 1) describe the evolution of a nonrotating 

sheet beam, where, specifically, the field profile £2^(5) is 
determined by Eq. (11). 

Examining Eqs. (8)-(ll) one notices that the large 
disparity in the ti-ansverse beam length scales along the 
major and minor axis, a»b, also leads to a large 
disparity in the longitudinal length scales involved in the 
evolution of the envelope variables. In particular, 
equations (9) and (10) describe fast variations for b(s) 
and a^ (s), whereas, equations (8) and (11) describe slow 

variations for a(s) and £l^(s) [7]. Therefore, we can 
obtain approximate solutions to the envelope equations by 
first integrating the fast equations in time scales where the 
variations of tiie slow variables are negligible, and then 
solving the slow equations by averaging over the fast time 
scales. 

Assuming Q^ constant, we direcfly integrate Eq. 
(10) to obtain 

*(«^^+^J = const. (12) 
In principle, the above constant could vary on the slow- 
time scale, however more detailed calculations show that 
it is a real constant. Physically, this constant is related to 
the differential rotation between the internal beam particle 
flow given by a^ (see Ref. 6) and the Larmor fi-equency. 
Here, we are interested in typical cases where the 
particles move with the Larmor fi-equency, such that the 
constant in Eq. (12) is equal to 0. 

Using Eq. (12) and assuming a and Q^ constants, 
we can solve Eq. (9) to find 

b(s) = Acos(£l,^s + ^) + -^- (13) 

which gives the evolution for the ellipsis minor radius. 
From Eq. (13) we notice that the fast-time scale is 
governed by the local Larmor fi-equency Q^. 

Using Eqs. (12) and (13) in Eqs. (8) and (11), and 
averaging over the fast time scales, we obtain 

d^a    2K 
ds 
d 

- = 0, (14) 

j-{a^a,)-0. (15) 

Many aspects of sheet beam evolution in solenoidal 
focusing can be understood from Eqs. (14) and (15). First, 
the evolution of the slow variables is completely 
independent of fast variables, such that, as long as the 
two-time-scale analysis is valid, the field profile and the 
major ellipsis radius will be the same irrespective to the 
minor radius and internal beam flow detailed 
characteristics. Second, the focusing field sti-ength must 
be proportional to the inverse of the square of the major 
radius in order to preserve the sheet beam from rotating. 
In fact, from Eq. (15) we obtain 

^L(S)=^, (16) 
a (s) 

where   a„ =a(0)   and   £2^=Q^(0)    are   the   initial 
conditions at the entiance of the focusing channel. Third, 
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the major radius evolution is governed exclusively by 
space-charge forces which are always defocusing. Hence, 
to increase the interaction region its is convenient to inject 
a   converging   beam   with    a'„=da/ds\^^g<0.   The 

particular value of a^ for a specific arrangement can be 
calculated with the aid of Eq. (14). Multiplying Eq. (14) 
by da I ds and integrating leads to 

1 (day 
- —    - 2^ In a = const. (17) 

Let us consider a case where we inject in the focusing 
channel a beam with major radius a„, let the beam 

converge to a minimum major radius a^, and extract the 
beam when its major radius returns to its initial value; i.e., 
a(S) = a„, where S is the length of the focusing channel. 
In this situation, the required initial beam convergence is 
given by Eq. (17) as 

a  =-2 K\n- 

Fourth, the focusing channel length 
estimated fromEq. (14) as 

_ ,2     V'2 
S--    " 

\ K 

(18) 

can also be 

(19) 

In reality, 5 is a measure of the slow time scale 
associated with the dynamics of a{s) and Q.^{s). 
Recalling that the fast time scale is governed by the 
Larmor frequency, the condition of validity for the 
multiple time-scales analysis applied here is Q.^S»\, 
with the bar indicating average values. Using Eq. (19) the 
condition roughly leads to 

K « Qla^ (20) 
which informs that for a given focusing field and beam 
size, there is a limit in the total beam intensity. In practice 
this is not a strong constrain because the whole purpose of 
using sheet beams is being able to reduce beam intensity 
by spreading it over larger sizes by increasing the ellipsis 
major radius. Finally, using Eqs. (14) and (16) we can 
write down 

\2 

ds^ 
dCi, 

2Qi (, ds 
= 0 (21) 

which gives the optimal solenoidal focusing field profile 
^i{s) that leads to an equilibrium nonrotating sheet 
beam propagation. 

The above results were tested against solutions 
obtained by numerically integrating the generalized 
envelope equations using the focusing field profile 
prescribed by Eq. (21). A good agreement was found 
between the numerical solutions and the estimates from 
the multiple-time-scale analysis. In particular, considering 
moderately intense sheet electron beams with K ~ 10"^ 
and major radius of a few centimeters, transported along 
the typical longitudinal length scales of high-power 
vacuum microwave sources (on the order of 30 cm), 
presented very small rotation angles on the order of 
10"* rad. 

CONCLUSIONS 
We have analyzed equilibrium configurations for the 

transport of sheet electron beams in tapered solenoidal 
focusing fields. In particular, using the generalized 
envelope equations obtained for the evolution of space- 
charge-dominated beams propagating through a general 
linear focusing channel, we derived an equation that 
provides an optimal focusing field profile for nonrotating 
sheet beam transport. Analytic solutions based on multi- 
time scale perturbation theory were found and compared 
to numerical simulations. 
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A GRIDDED ELECTRON GUN FOR A SHEET BEAM KLYSTRON 
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V. Ivanov and A. Krasnykh, Stanford Linear Accelerator Center, Menlo Park, CA 94025 

Abstract 
This paper describes the development of an electron 

gun for a sheet beam klystron. Initially intended for 
accelerator applications, the gun can operate at a higher 
perveance than one with a cylindrically symmetric beam. 
Results of 2D and 3D simulations are discussed. 

Calabazas Creek Research, Inc. (CCR) is developing 
rectangular, gridded, thermionic, dispenser-cathode guns 
for sheet beam devices. The first application is expected 
to be klystrons for advanced particle accelerators and 
colliders. [1] The current generation of accelerators 
typically use klystrons with a cylindrical beam generated 
by a Pierce-type electron gun. As RF power is pushed to 
higher levels, space charge forces in the electron beam 
Hmit the amount of current that can be transmitted at a 
given voltage. The options are to increase the beam 
voltage, leading to problems with X-Ray shielding and 
modulator and power supply design, or to develop new 
techniques for lowering the space charge forces in the 
electron beam. 

In this device, the beam has a rectangular cross section. 
The thickness is constrained as in a normal, cylindrically 
symmetric klystron with a Pierce gun; however, the width 
of the beam is many times the thickness. The resulting 
cross sectional area is much larger than in the 
conventional device. This allows much higher current 
and/or a lower voltage before space charge forces become 
too high. 

The current program addresses issues related to beam 
formation at the emitter surface and implementation of 
shadow and control grids in a rectangular geometry. It is 
directed toward  a robust,  cost-effective,  and reliable 

1.500E+01 

Focus 
Electrode 

Cathod 

Mod Anode 
Anode 

Figure 1. Geometry of the sheet beam gun. One quarter 
of the gun is shown, with the cathode on the left and the 
axes of symmetry toward the top and left. The mod 
anode is included to grade the field and minimize the 
possibility of an arc directly from the cathode to the 
anode. 

mechanical design. A prototype device will be developed 
at 415 kV, 250 A for a 40 MW, X-Band, sheet-beam 
klystron. The cathode will have 100 cm^ of cathode area 
with an average cathode current loading of 2.5 A/cm^. 
For short pulse formation, the use of a grid was chosen. 
The geometry of the gun is shovm in Figure 1. 

O.OOOE+00 
-l.OOOE+00 X 4.000E+01 

Figure 2. Trajectories from a 2D simulation using TRAK, including the shadow grid. Dimensions in cm 
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Figure 3. Trajectories as calculated using the 3D code OmniTrak. 
two planes normal to the direction of propagation. 

Cross sections near the axes of symmetry for 

The gun is being designed with a combination of 2-D 
and 3-D codes. 2-D codes were used to determine the 
starting point for the electrodes to produce the 
compression (which is in only one direction.) These 
results showed that a very high quality beam could be 
achieved even in the presence of the shadow grid. A plot 
of the 2-D results is shown in Figure 2. 

The 3-D design is done using the codes TOPAZ and 
OmniTrak. [2] Both codes include relativistic effects and 
self magnetic fields of the beam. OmniTrak uses a 
structured grid, while the grid in TOPAZ is unstructured. 
Examination of initial designs showed good agreement 
between the codes. 

Initial results from OmiTrak are shown in Figure 3. 
The beam is compressed only in one dimension. 
Compression from the 8.4 cm high cathode to close to the 
desired 8 mm thickness is shown in the left. There is 
almost no compression in the other plane; however, in the 

plane of compression, trajectories originating close to the 
edges of the cathode are over compressed. This is shown 
in Figure'4. The additional compression occurs because 
electrons near the cathode edge see the effect of the 
focusing electrodes in both transverse planes. Efforts are 
continuing to reshape the comers of the focus electrodes 
to eliminate this effect. 

Self-fields were found to be very important for this 
geometry. Figure 5 shows the trajectories in the plane of 
compression calculated without the self magnetic field. 
The compression is reduced to the point that a substantial 
interception of the beam by the anode. Clearly, designing 
the electrodes without consideration of the self-fields 
would result in over compression of the beam. 

A DC power supply will drive the gun, with the grid 
being used to pulse the beam. While this approach allows 
sharper pulse formation than can be achieved with a 
cathode pulser and is potentially less expensive, it does 

0.125E+00 2.500E+01 

Figure 4. Trajectories (darker lines) near the "X" edges of the cathode. The solution space has been shrunk from that of 
Figure 1 by applying potentials determined from the electrostatic solutions of Figure 1 to the upper boundary of this 
solution. 
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Figure 5. Trajectories in the plane of compression as calculated without taking into account self 
magnetic fields. 

place stricter limits on the field gradients, both in vacuum 
and in the oil of the high voltage tank. The design goal is 
to limit the vacuum fields to less than 75 kV/cm on the 
beam formation electrodes and 40 kV/cm elsewhere. In 
the oil, the goal is approximately 20 kV/cm. 

A drawing showing both the triode region and the 
insulator is shown in Figure 6. 
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Figure 6. Cut-away solid model of the sheet beam gun. 

1139 



Proceedings of the 2003 Particle Accelerator Conference 

A MAGNETRON INJECTION GUN WITH INVERTED GEOMETRY 
FOR AN 80 MW GYROKLYSTRON 

M.E. Read, R.L. Ives and G. Miram, Calabazas Creek Research Inc., Saratoga, CA 95070-3753 
G. Nusinovich, W. Lawson and V.L. Granatstein, IREAP, University of Maryland, College Park, 

Maryland 

Abstract 
A 500 kV, 500 A magnetron injection gun (MIG) is 

being developed for the University of Maryland Ku-band, 
coaxial gyroklystron. The gun will have three electrodes, 
with the cathode at a larger diameter than the intermediate 
electrode, thus being an inverted form of the normal 
geometry. This allows the gyroklystron's inner conductor 
to be supported through the electron gun, eliminating the 
need for the beam-intercepting supports and facilitating 
cooling. It also allows for adjustment of the coax position 
extemal to the vacuum. Details of the design, including 
modeling of the beam trajectories, are discussed. 

GEOMETRY 

The gun is a replacement for the MIG used in the 
University of Maryland. Gyroklystron[l] shown in Figure 
1. With a conventional MIG, the inner conductor must be 
supported from the collector and/or beam-intercepting 
pins in the cavity region. Due to the use of the collector 
as the output waveguide, pins are the only supports in the 
existing experimental device. This limits the pulse 
repetition rate. Even if this restriction is removed by 
extracting the RF via the side of the gyroklystron, 
supporting the inner conductor from only the collector 

requires an undesirable reversal of the cooling flow. 
Replacing the gun with the cathode on the outside, in an 
inverted geometry as shown in Figure 2, allows the inner 

\ 1 

A 
V 
l\ 

1 \ 

\/ 

___ ^^w=4 JK^ 

Figure 1. University of Maryland gyroklystron with a 
conventional MIG 

conductor to be supported by the "modulating anode" of 
the gun. The mod anode is at ground potential, allowing 
it to be supported from the outer, grounded shell by two 
posts. This arrangement allows for coolant for the irmer 
conductor to flow in one direction. The posts can be 
sealed to the vacuum envelope by bellows, allowing fine 

Ground Shell 

Mod Anode 

Anode 

Figure 2. Geometry of the inverted MIG. 
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Figure 3. Trajectories of the inverted MIG as calculated using TRAK.   Dimensions are in cm. 

adjustment of the position of the mod anode, and hence 
the inner conductor, if needed. 

BEAM SIMULATIONS 

Simulations of the beam trajectories were done using 
TRAK[2] This code is well documented and has been 
used for a number of gun simulations by the authors. It 
agrees very well with EGUN [3] and has the advantage of 
a variable mesh that allows modeling of the problem 
without continuations, as would be required in EGUN to 
handle the small orbits of the fully compressed beam. 
The results of a TRAK simulation are shown in Figure 3. 
For a beam current of 550 A, an average ratio of 
perpendicular to parallel velocities, alpha, of 1.49 was 
achieved with a spread in the perpendicular velocities of 
0.6%. Thespreadinparallel velocities was 1.3%. These 
spreads are due to the optics only, and thermal and 
surface roughness contributions will decrease the beam 
quality. The optics-determined values are significantly 
lower than those achieved with the conventional design, 
where the spread in parallel velocities was about 7%. 

The dependences of alpha and the velocity spreads on 
the beam current are shown in Figure 4. The design is 
clearly optimized for about 525 A, with the velocity 
spread rising for both lower and higher currents. The 
design could be optimized for another current. In this 
design, the parallel velocity spread is less than 2.1% over 
the range of 100 A - 600 A. 

It is important to include not only space charge effects, 
but also self magnetic fields in the calculation. With 
inclusion of the latter, alpha rises to 1.7 and the parallel 
velocity spread is 1.5%. 

A disadvantage of the inverted geometry is that the 
fields on the mod anode higher than normally found in 
gyrotrons to obtain the electric fields at the cathode 
required for proper beam formation. The fields for the 
current design are shown in Figure 5. The peak field on 
the mod anode is 150 kV/cm. This is high for a CW gun, 
but is not high for a ~1 microsecond pulse gun, 
particularly considering that mod anode is a positive 
electrode. 
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Figure 5. Electric field magnitudes. 
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DEVELOPMENT OF A 19 KW CW, L-BAND KLYSTRON FOR THE 
CONTINUOUS ELECTRON BEAM ACCELERATOR FACILITY 

M.E. Read, A. Mizuhara, G. Miram, L. Song, and R.L. Ives, Calabazas Creek Research, Saratoga, CA, 95070-3753 

Abstract 

This document describes the design of a klystron for                                    {■■■■'■■i'f}n Ife:-;*: 4/f^M 
the RF system upgrade of the Continuous Electron Beam                                    K-fe'^t^ b! ®S?|: 
Accelerator Facility (CEBAF) at the Thomas Jefferson                       Wy\       \'-'i::MS % |;pi 
National Accelerator Facility.  The klystron will produce -            ■!>;;     ■U'^-^^"''-Z'^^i' '■'^^■^^ W& 
19 kW of saturated CW power at 1497 MHz with an                                    h?f ; iXi'i B ft^i- 
efficiency of 59%. -           p-"\   ,  ^f-A '::0;^ , :?;   .^   '^ ''^kU 

DESIGN PARAMETERS 

The design parameters of the klystron are shown in 
Table 1. 

Table 1. Klystron parameters. 
Frequency 1497 MHz 
Saturated Power 19 kW (max) 
Operating Power 15 kW 
Power Range 50%-100% 
Voltage 18.8 kV 
Current 1.76 A 
Small Sig. Gain 56 dB 
3 dB Bandwidth 5.8 MHz 
Efficiency 59% 

Figure 2.     Cross  section of the  cavities and beam 
(Crosshatch represents surface covered with loss coating). 

CIRCUIT DESIGN 

As shovra in Figures 1 and 2, the klystron will have 6 
"race-track" cavities, one of which operates at the second 
harmonic to enhance the bunching. Design of the klystron 
follows conventional procedures plus the use of 2.5D and 
3D codes for calculating the performance. The output 
power and gain, as calculated using MAGIC, are shown 
in Figure 3. 

80% - 

70% 

60% 

g. 60% - 

1 40% 
S 30% 

20% 

10% 

0% 

,J^ 1^ -—s—  E 

M--^ 
/♦ •  

^ 
1 

1 —-S—JPNDISK 

ri 

)           60          100         160         200         250 

RF Drive Pow«r(mW) 

300 360         4 

Figure 3.    Output power and gain of the klystron, as 
calculated using MAGIC. 

Figure 3 compares the results of the MAGIC simulation 
with those of the large signal code JAPANDISK. The 
efficiency predicted by JAPANDISK is about 10% higher 
than predicted by the more accurate MAGIC simulation. 
This is about the same difference observed between the 
efficiency predicted by other similar large signal codes 
and that obtained in actual operation. 

ELECTRON GUN 

The beam is generated using an immersed Pierce gun in 
a solenoidal magnetic field. Figures 4 and 5 show 
predicted performance of the gun using the 2.5D 
computer code TRAK. The design includes a modulating 
anode to reduce the current when less than the maximum 
power is required from the tube. This insures that the 
efficiency drops only to 47% at V2 the maximum operating 
power. 

Figure 1. Race-track cavity. 
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Figure 4. Electron gun for the klystron. 

Reliability is critical since the tube is for use in a large 
accelerator, consequently, conservative values were used 
for the gun electric fields, the cathode current density and 
the collector power density. These are 83 kV/cm, 1 
A/cm^, and 500 W/cm^ respectively. 

STATUS 

The tube design is complete, and a solid model of the 
klystron is shovra in Figure 6. As soon as additional 
funding is approved, two prototype klystrons will be built 
and tested. These will then be delivered to the Thomas 
Jefferson National Accelerator Facility. 

Figures. Beam for the klystron. The radial scale is 
enlarged to show detail. The scallop amplitude is 6.4%. 
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DEVELOPMENT OF A 10-MW, L-BAND, MULTIPLE-BEAM KLYSTRON 
FOR TESLA* 

E. Wright, A. Balkcum, H. Bohlen, M. Cattelino, L. Cox, M. Cusick, L. Falce, F. Friedlander, B. 
Stockwell and L. Zitelli, Communications and Power Industries, Microwave Power Products 

Division, 811 Hansen Way, M/S B-450, Palo Alto, CA 94303-0750 

Abstract 
A high-efficiency, Multiple-Beam Klystron (MBK), 
designated the VKL-8301, is being manufactured for the 
DESY Tera Electron volt Superconducting Linear 
Accelerator (TESLA) in Hamburg, Germany. There are a 
number of excellent reasons for using an MBK for this 
application. The primary reasons are reduced size and 
lower operating voltage with respect to the conventional, 
single beam counterparts. Once this decision has been 
made, the class of MBK must now be selected. MBK's 
can be divided into two categories: Fundamental Mode 
(FM) and Higher-order Mode (HM) devices, 
distinguished by the interaction mode of the cavity 
resonators. Each class has inherent advantages and 
disadvantages dependent upon end-user requirements. For 
the 10 MW, 1.3 GHz TESLA application the HM-MBK is 
the clear choice. The primary factor influencing this 
choice was operational life, since the accelerator will 
require approximately 600 MBK's. The advantage of the 
HM approach is low cathode loading. Our cathode 
loading design goal of 2 A/cm^ or less has been achieved. 
For this application the HM-MBK cathode loading is a 
factor of four lower than competing FM-MBK designs 
and a factor of three lower than the SLAC 5045 design. 
The VKL-8301 will use six off-axis electron beams 
interacting with a combination of TMQIO and hybrid TM020 
cavities. These six beams are equally spaced on a 
diameter of approximately 25 centimeters. Because of the 
large beam-to-beam separation, individual high-area 
convergence guns can be utilized versus the single multi- 
emission-site gun used in FM-MBK's. This solution 
requires a sophisticated focusing system that is relatively 
difficult to realize, compounded by our use of confined- 
flow focusing. Newly developed, state-of-the-art three- 
dimensional electromagnetics codes have been used to 
design the novel electron-beam-focusing system and 
microwave cavity geometry. Modeling and simulation 
results will be presented, hardware will be shovni, and a 
description of the FM- versus HM-MBK selection process 
will be discussed. 
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BACKGROUND 
Last year we reported on the progress developing the 

TESLA MBK and provided a description of the CPI 
approach [1]. This paper is intended to supplement the 
original, updating our progress, and more importantly 
describe the thought process involved when selecting the 
HM-MBK for this application. All of the large, next- 

Figure 1. Life versus loading for an M-type dispenser 
cathode, space charge limited operation, 40 "C above 
the knee. 

generation linear colliders considering the use of klystrons 
as their high-power rf source should consider, as DESY 
has, the FM-MBK approach. The merit of the approach is 
a result of one of the most important parameters for a 
practical system, LIFE. 

For any mature, well-designed tube the primary mode 
of failure is cathode end-of-Kfe, a result of barium 
depletion. So, what factors influence cathode life? There 
are primarily two: Temperature and Pressure. Today's 
manufacturing techniques provide products operating with 
exceptionally low pressure, so for a well-designed product 
this is no longer a major issue. What's left is temperature. 
However we will use current density, rather than 
temperature, because most tube engineers can readily 
quote cathode loading for a given design. 

Cathode lifetime as a function of cathode current 
density can be seen in Figure 1, and is based on a 
compilation of measured data taken within the past 30 
years. This curve is in excellent agreement with measured 
average lifetimes for klystrons and CCTWT's installed in 
mature systems, with current densities in the 2 A/cm^ to 8 
A/cm^ range. This curve plays a pivotal role in selecting 
the appropriate class of MBK for this application, as will 
be shown. 

' This work supported by Deutsches Elektronen-Synchrotron, DESY 
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MBK DESIGN 

Classification 
There are two classes of MBK's, differentiated by the rf 

cavity mode used: FM- and HM-MBK's [2][3]. These can 
be further subdivided by the proximity of neighboring 
electron beams and the number of cathodes used. 

Clustered Emitters (CE) are single-cathode guns with 
multiple emission sites designed to form clusters of 
electron beams in close proximity to one another. The 
primarily advantage of this approach are the large 
instantaneous bandwidths that can be achieved with the 
use of single gap or inductively coupled, multiple gap 
TMoi resonator. All large instantaneous bandwidth FM- 
MBK's use this approach, however narrow bandwidth 
FM- and HM-MBK's equally benefit. The disadvantage of 
this approach is the cathode current density is constrained, 
proportional to the square of frequency, as will be shown. 

Distributed Emitters (DE) are multiple cathode guns 
with single emission sites from each of the cathodes, are 
used when large beam-to-beam separation is desired, and 
are only used for HM-MBK's. The HM-MBK is a narrow 
band device due to the proximity of neighboring resonator 
modes, perfectly suited for high-power scientific 
applications. One key advantage to this approach is the 
cathode loading is unconstrained. The system designer 
needs to be aware that this tradeoff exists when 
developing MBK based systems, particularly those 
intended for high-power scientific applications requiring a 
large number of MBK's. 

FM-MBK Cathode Loading 
When a single-cathode, multi-emission site gun is 

proposed for a given design, cathode loading must be 
considered. As such, we need a way of estimating the 
cathode loading, which in turn can be used to determine 
tube life. Conversely, one can approach the problem from 
the other direction: What life/loading is considered 
acceptable? 

10000 

J.-^'J' 
Irtc 

2  0-' (1) 

In order to keep the rf interaction within the cavity 
uniform, in-general the diameter of the beam cluster must 
fall within V4, or less. This condition forces the 
individual cathode emitters to follow suit, i.e. they must 
be concentric to their respective drift tubes. One can 
readily see there is a connection between cathode loading 
and frequency. Let's explore this. Assume there are seven 
emission sites with close-packed hexagonal geometry (or 
choose a number of emitters suitable for your specific 
application). Individual emitters would have one third the 
total interaction diameter, or XJM. Computing the area of 
these seven emitters and dividing the total beam current 
by that value will give you the best-case current density 
for a given frequency of operation (1); the value obtained 
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Figure 2. Total current versus frequency for the CE 
gun geometry. 

is best case because it assumes zero thickness separating 
the individual emitters. A plot of this function for the 
cathode loading values given in Figure 1 can be seen in 
Figure 2. 

Table 1: Klystron Typical Operating Parameters 

Parameter Value Units 
Peak Output Power 10 MW 
Average Output Power 150 KW 
Beam Voltage 114 KV 
Beam Current 131 A 
Efficiency 65-67 % 
Frequency 1300 MHz 
Pulse Duration 1.5 Ms 
Saturated Gain 47 DB 
Number of Electron Beams 6 
Number of Cavities 6 
Cathode Loading <2.5 A/cm' 
Solenoid Power 4000 W, max. 

The TESLA MBK 
The operating parameters for the TESLA MBK can be 

seen in Table 1. For this analysis the key parameters are 
the operating frequency of 1300 MHz and the total device 
current of 131 Amperes. This data point has been placed 
on the graph. Figure 2. For this application the CE-gun 
average cathode loading is 7 A/cm^ minimum. For 
practical gun designs, i.e. a gun with separation between 
adjacent emitters, this value is at least 8 A/cml From the 
graph of Figure 1 we estimate the average lifetime of the 
CE-gim to be approximately twenty seven thousand 
hours, or less than three years. 
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h.jM! 

Figure 3. Aluminum output cavity model during rf 
cold testing. 

CPI has recommended the HM-MBK base primarily on 
the increased life these products would have due to their 
use of the DE-gun. Since the HM approach imposes no 
restrictions on cathode loading, we can select a value 
suitable for long-life operation. We selected 2 A/cm^ 
because this value will provide average lifetimes of 
145,000 hours (or sixteen years!) and also for ease of 
manufacture. 

This may seem like we're getting something for 
nothing, which is certainly not the case. An HM-MBK 
will be more expensive to produce than an equivalent FM- 
MBK. However when these units are mass-produced the 
difference in price will be small, on the order of 15% to 
30% more. However the long-term benefit resulting from 
reduced life-cycle costs are orders of magnitude greater 
than this difference. For this particular application the 
FM-MBK is the desired approach. Let say the desired 

frequency were halved, or 650 MHz. At 131 A of total 
current, either approach would provide excellent life. 

PROGRESS UPDATE 
We have entered into the build phase of this program. 

All the material, except for the input and output cavities, 
has been issued to the assembly floor and manufacturing 
has begun. The raw material for the higher-order mode 
TM020 input and output cavities has been received, 
however we have additional rf cold test to perform to 
fine-tune these resonators before we start the final 
machining. Full-size aluminum cold test cavity models 
have been received for the input and output, Figure 3. We 
have spent considerable time cold testing these cavities 
measuring frequency, Q-factors, and gap-to-gap electric 
field (intensity) and phase uniformity. We will finish these 
tests by the end of May 2003. 

Another important milestone will be reached when we 
receive the magnet in early June 2003. At that time the 
critical step of measuring, verifying, and fine-tuning the 
magnetic field will begin. Once this step is complete the 
MBK will be sealed in, exhausted, dressed and tested. 
Testing is schedule to start the beginning of August 2003. 
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Abstract 
A brief report is presented on experiments carried out at 

the NRL X-band magnicon facility on a two-channel X- 
band active rf pulse compressor that employs plasma 
switches. Experimental evidence is shown to validate the 
basic goals of the project, which include: simultaneous 
firing of plasma switches in both channels of the rf 
cu-cuit, operation of quasi-optical 3-dB hybrid directional 
coupler, coherent superposition of rf compressed pulses 
from both channels, and operation of the X-band 
magnicon directly into the rf pulse compressor. For 
incident 1.2 /isec pulses in the range 0.63-1.35 MW, 
compressed pulses of 5.7-11.3 MW were obtained, 
corresponding to power gain ratios of 8.3-9.3. Insufficient 
bakeout and conditioning of the high-power rf circuit 
prevented experiments from being conducted at higher rf 
input power levels. 

INTRODUCTION 
Active rf pulse compressors are nowadays commanding 
interest for use in a future electron-positron collider [1,2]. 
Here, results are given of the first high-power experiments 
on a two-channel X-band active rf pulse compressor that 
employs gas discharge switch tubes as active elements. 
The experiments can be understood by reference to Fig. 1, 
a schematic diagram of the set-up for tests conducted at 
the X-band magnicon facility at the Naval Research 
Laboratory. Critical elements in the set-up include the 
Omega-P/NRL X-band magnicon (2), the quasi-optical 3- 
dB hybrid directional coupler (5), and the two channels of 
the compressor itself (1). Each compressor channel 
consists of a TE„,-mode energy-storage cavity, and an 
input/output coupler cavity containing a gas-filled switch 
tube that can be externally discharged by application of a 
high-voltage pulse. Both channels function as active 
Bragg compressors (ABC), with synchronized input- 
output switchable reflectors. The detailed design of ABC 
[2] and low-power test measurements on it [3] have been 
reported previously. In the two-channel compressor 
scheme (ABC-2), the 3-dB hybrid coupler allows the 
input drive pulse from the magnicon to be split, with half 
the power directed to each channel. Upon firing, 
composite compressed pulses from the two channels are 

superimposed in the hybrid, and directed to a high-power 
load (7). In practice, the load would be replaced by an 
accelerator section. Two channel ABC-2, in comparison 
with one channel, allows (i) isolation of the magnicon 
from power reflected during energy storage, (ii) operation 
of both channels into one load, (HJ) increase in efficiency, 
and (iv) operation with lower electric field in the gas 
discharge tube region with a resulting increase in the 
margin-of-safety against self-breakdown of the plasma 
switch. Non-vacuum prototypes of ABC-2 tested at low- 
power levels showed good pulse-to-pulse reproducibility 
in the shape and amplitude of the compressed pulse, and 
coherent addition of compressed pulses from the channels 
[4]. 

In this brief report, results of preliminary high-power 
experiments are reported that validate the main goals of 
the project, which include: (0 simultaneous firing of 

*Sponsored by US Department of Energy. 

Figure 1. Schematic diagram of the experimental set-up 
for high-power test of two-channel compressor: 1 - 
single-channel compressor, 2 - magnicon, 3 - quasi- 
optical 3-dB directional coupler, 4 - waveguide line, 5 - 
output window, 6- phase rotator, 7 - matched load, 8 - 
55.5-dB directional coupler, 9 - coaxial waveguide, 10 - 
screen room, 11 - attenuator, 12 - detector, 13 - ion 
pump, 14 - high-voltage pulse generator, 15 - shielding 
box, 16 - divider, 17- trigger generator, 18 - modulator, 
19 - delay generator, 20 - trigger amplifier, 21 - pulse 
transformer, 22 - high-voltage power supply. 
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plasma switch tubes in both channels of the compressor, 
(H) operation of the quasi-optical 3-dB hybrid directional 
coupler, {Hi) coherent superposition of rf compressed 
pulses from the two channels, and (iv) feeding one output 
arm of the X-band magnicon directly into the rf pulse 
compressor while the second arm was terminated in a 
match load. Unfortunately, insufficient time for 
component bakeout and rf conditioning during the brief 
first experimental campaign prevented operation at input 
power levels higher than about 1.5 MW. In the next 
campaign scheduled to begin in June 2003, tests with 
higher power input pulses are planned, and more time is 
to be allotted for bakeout and conditioning. 

EXPERIMENTS 
Examples of some results of high-power experiments 

are shown in Figs. 2-5. Fig. 2 shows the frequency 
characteristic of the quasi-optical 3-dB hybrid coupler 
with arms III, and IV terminated in reflecting shorts, and 
arm 11 terminated in a matched load. In evidence are 
balanced splitting of the incident signal at 11.424 GHz 
from arm I into arms III and IV, and small reflection back 
into arm I. This is the first high-power operation of this 
type of quasi-optical 3-dB directional coupler that 
operates on the principle of image multiplication in 
oversized rectangular waveguide [4]. 

11300 11400 
t(MHz) 

11500 

Figure 2. Measured frequency characteristic of the 3dB 
quasi-optical directional coupler. Note balanced splitting 

between arms III and IV at 11.4 GHz, as well as low 
reflection back into arm I. 

Fig. 3 shows compressed pulses obtained in each arm 
individually, when the plasma switch in the opposing arm 
is not fired. While not identical, the two results show 
compressed pulses with peak powers of about 2 MW, for 
an incident pulse of about 1 MW. Fig. 4 shows incident, 
reflected and output power pulses for the two-channel 
configuration when the plasma switch tubes are not fired. 
The difference between incident and output pulses is the 
energy stored in the ABC-2 compressor. In this example, 
61% of the incident rf energy is stored, with the balance 
being reflected into the output arm of the 3-dB hybrid, 
mainly during the first half of the pulse. This value of 
efficiency of energy accumulation is higher than in the 

single-channel ABC [3]. Fig. 5 shows three examples of 
compressed pulses obtained when the plasma switch tubes 
in both channels are fired simultaneously, using an 80 kV 
trigger pulse of duration 100 nsec. The maximum power 
of the compressed pulses reached 11.3 MW within a pulse 
duration of about 70 nsec. 
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Figure 3. Traces of the compressed pulses obtained 
separately from each of the compressor channels: (a) 

channel I; (b) channel II. 
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Figure 4. Traces of the incident P,„, reflected P„^ and 
output pulses P^^ without discharge of plasma switch. 

CONCLUSIONS 
1. Coherent superposition of compressed pulses from both 
channels was demonstrated, as seen by comparing Figs 3 
and 5. Compressed pulses with powers of 9-11 MW and 
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durations of 50-70 nsec were observed, corresponding to 
power gain ratios k in the range 8-9. 
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Fig. 5. Oscillogram traces of compressed pulses with 
external firing of the plasma switches at different values 

of incident power. The gas pressure in the tubes was 
(2-5)xlO"'Torr. 

2. The use of incident power levels <1.5 MW to drive the 
compressor ABC-2 was required by the appearance at 
higher powers of microwave breakdowns evidently in the 
3-dB directional coupler and the waveguide feed to the 
compressor. These breakdowns were probably caused by 
insufficient baking and degassing of the waveguides. 
Bakeout was not carried out at temperatures >100°C, nor 
was prolonged rf conditioning carried out thereafter. 
Operation with an incident power level of about 12 MW 
is seen to be required to obtain the 100 MW compressed 
output pulses that are a goal of this program. At this 
power level, rf fields in the compressor would be about 
three times greater than those in the experunents reported 
here. After full conditioning, each output arm of the 
magnicon is expected to supply about 25 MW. 
3. The need for operation of both channels of the 
compressor wdth equal cavity resonant frequencies and 
equal g-factors has been shovra to require a means for 
circuit monitoring at high power, and for effective 
external tuning of the cavities. In the experiments 
reported here, such tuning could only be performed at low 
power, but detuning due to mechanical movement during 
pump-down required time-consuming iterations before 
near equal tunings could be achieved. It is planned to 
implement a modified tuning procedure during the 
forthcoming experimental campaign to overcome these 
difficulties. 
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Abstract 
Principles and preliminary design for a microwave 

active pulse compressor using an electrically-controlled 
ferroelectric switch are presented. The design of an 11.4 
GHz, 500 MW pulse compressor with a pulse width of 
about 50 nsec and a compression ratio of 10 is described. 
It is planned to drive the compressor using the Omega- 
P/NRL X-band magnicon. 

INTRODUCTION 
The current design for the linear collider NLC [1] reUes 

on pulse compression to achieve the high peak rf power 
levels required to drive the accelerator structures (500 - 
600 MW in ~ 400 nsec pulses). A number of rf pulse 
compression systems have been under consideration 
recently including versions of the Delay Line Distribution 
System (DLDS) [2], Binary Pulse Compression (BPC) 
[3], and SLED-II [4]. The mechanisms upon which these 
compressors operate are passive, in that no element in the 
compressor structure has time-dependant properties. 
Common limitations of these systems are their relatively 
low compression ratio (-4:1), and/or their very long runs 
(lOO's of km) of low-loss vacuum waveguide [5]. In an 
attempt to circumvent these limitations, various concepts 
of active rf pulse compression have recently received 
attention, involving switches with optically-varied silicon 
mirrors [6], ferromagnetic elements [7], PIN diode arrays 
[8], and plasmas [9]. To date, none of the tested versions 
of these active pulse compressors achieved high enough 
power levels for use with NLC. 

In the present paper, an active pulse compressor with a 
resonance switch based on use of electrically-controlled 
ferroelectric elements is presented. 

GENERAL 
1. Ferroelectric elements have an E-field-dependent 
dielectric permittivity £(E) that can be very rapidly altered 
by application of a bias voltage pulse. The switching time 
in most instances would be limited by the response time 
of the external electronics that generates the high-voltage 
pulse, and can therefore be in the nsec range. Modem 
bulk ferroelectrics, such as barium strontium titanate 
(Ba,Sr,.^Ti03, or BST), have high enough dielectric 
breakdown fields (100-200 kV/cm) and do not require too 
high a bias electric field (-20-50 kV/cm) to effect a 
significant change in e [10]. Ferroelectrics are already 
successfully used in rf communication technology, radar 
applications, etc. Euclid Concepts, LLC recently 
developed and tested a bulk ferroelectric based on a 

composition of BST ceramics, magnesium compounds, 
and rare-earth metal oxides that has a permittivity £ = 
500, and -20% change in permittivity for a bias electric 
field of 50 kV/cm. The loss tangent already achieved is 
close to 1.5x10"' at 11 GHz [11]. Development of 
production techniques for this material continues, with the 
expectation of further lowering the loss tangent to the 
values of less than lxlO■^ High breakdown fields, fast 
switching time, and already achieved low losses make 
ferroelectrics attractive elements for using in high-power 
microwave switches. 
2. In active pulsed compressors with resonance switches, 
the rf source supplies electromagnetic energy to fill a low- 
loss storage cavity coupled through an electrically- 
controlled resonance switch to a load (the accelerating 
structure). Compressor operation involves two steps: 
first, that of energy storage when the coupling to the 
Storage cavity is small in order to provide good efficiency 
of filling; and second, that of energy extraction when the 
coupling is high to provide fast energy discharge into the 
accelerating structure. The coupling of the storage cavity 
with the rf source is controlled by changing the resonance 
frequency of the switch cavity. In general, it is possible to 
provide a fast change of resonance frequency of the cavity 
by rapidly changing the rf properties of an active element 
situated within the cavity. A schematic diagram of a 
proposed active pulse compressor is shown in Fig. 1. 
This example is based on the design of Omega-P's two- 
channel Active Bragg Con^ressor (ABC) [12] that 
employs resonance plasma switches. As shown in Fig. 1, 
two cylindrical TEoi-mode storage cavities (8) are each 

Work supported by the U.S. Department of Energy 

Figure 1. Schematic diagram of the two-channel ABC. 

terminated with an adjustable short (9) at one end, and an 
electrically-controlled switch cavity (7) at the other end. 
Waveguides (4 and 5) are fed from the rf source (i) after 
the source power is split using a 3-dB hybrid coupler (5). 
Mode converters (6) transform the mode from TE,,,- 
rectangular to TE|„-circular. Compressed output pulses 
are combined and absorbed in the load (2). This scheme 
is similar to SLED [13] but for the addition of active 
elements (i.e., the switch cavities). Employment of the 
Omega-P/NRL X-band magnicon [14] that is designed for 
a maximum output power of about 50 MW in a 1 (isec 
pulse as a power source feeding the active pulse 
compressor described here allows one to anticipate a 
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maximum output power of 500 MW in the compressed 
pulse. The main design parameters of the proposed active 
pulse compressor are given in Table I. 

Table I. Parameters of the active pulse compressor. 
operating frequency  fn 11.424 GHz 
input power P„ 50 MW 
input pulse duration tf 1 usec 
power gain k 10 
peak output power P„,„ = kP„ 500 MW 
output half-height pulse duration to 5 ~40 nsec 

3. To determine the switch cavity parameters, it is 
necessary to calculate optimal coupling of the storage 
cavity in both operating regimes, namely in the energy 
storage regime and the energy extraction regime. All 
calculations have been carried out for the existing ABC 
storage cavities [12], even though superior performance 
could be anticipated from improved design of the cavities. 
The TE„, energy storage cavities have lengths of about 2 
m including tapers and diameters of 8 cm; their measured 
self quality factors Qo are 110,000. Optimal coupling in 
the energy storage regime is determined by maximizing 
the filling efficiency. The efficiency r] for energy transfer 
to the storage cavity is [15] 

2/3T„ 
1-exp 7(1 + ^)1 (1) 

?/(l + )3)- 

where )3 is the coupling, and z; = 2Q/a is the self time 
constant for the storage cavity. For parameters Usted in 
Table I, the optimal coupling fi is 4.2, which corresponds 
to a maximum efficiency of 64%. The coupling in the 
energy extraction regime is found to be 

Po.=^^^-=^^-^. (2) 
277  P„   tf     27] tj 

For the case considered here, )3„,„ = 25. The time constant 
T,„, in the energy extraction regime is T,„, =T/(l+fiJ = 
123 ns, and the half-height pulse duration t„^ in this case is 
43 nsec. The switch cavity is a two-port element inserted 
between the storage cavity and the mode converter; it is 
characterized by transmission coefficient T, that is related 
with the coupling ^ in the following way: 

T'^p-^, (3) 

where Vgr is the average group velocity in the storage 
cavity, L is the storage cavity length. In the case 
considered (L=2 m and v^^ ~c), 7^ = 9-10"^^. Thus, the 
switch cavity transmission should be -14 dB in the energy 
storage regime, and -6.5 dB in the energy extraction 
regime. 
4. As a result of simulation of the model switch cavity 
partially filled with ferroelectric (as shown in Fig. 2) two 
mode families were found. The first family, which are 
labeled "vacuum modes," are exemplified by tuning 
curves #1 in Fig. 3; these have a small electric field in the 
ferroelectric, and thus their resonance frequencies don't 
depend sensitively on e. The second family, which are 
labeled "ferroelectric modes," are exemplified by curves 

-ferroelectric 

Fig. 2. The model switch cavity schematic. 
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Fig. 3. The model cavity spectrum vs. ferroelectric 
permittivity e for a=56 mm, b=53 mm and h=20 mia 

#2 in Fig.3; these have high electric field in the 
ferroelectric and thus, their resonance ft-equencies exhibit 
a strong dependence of the frequency on e. One can see 
that the resonance frequencies on curve #2 change by 
-10% when e changes by 20%. Consequently, the 
ferroelectric mode could be controlled with weaker 
applied electric field than the vacuum mode. 
5. For the proposed 500 MW, 11.424 GHz active pulse 
compressor, where an available ferroelectric with £ = 500 
[11] is to be used, the resonance frequency of the switch 
cavity for the ferroelectric mode changes by ~1 GHz 
while e changes from 400 to 500, but the resonance 
fi-equency for the vacuum mode changes by only ~70 
MHz. Unfortunately, the maximum electric field in the 
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diapliragin 

Fig. 4. The switch conceptual layout, 
ferroelectric for the ferroelectric mode would be about 
350-370 kV/cm, which is much higher than the field for 
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vacuum mode (15-20 kV/cm), and far above the 
breakdown limit of -100 kV/cm. As a consequence, the 
vacuum mode is the only choice to be the operating mode 
for this type of active pulse compressor. Parameters 
found for the switch cavity are listed in the Table II. 

Table n. Parameters of TE031 switch cavity, 
operating frequency, GHz 11.424 
operating mode TE03, 
cavity length, mm 20 
coupling iris diameter, mm 30 
coupling diaphragm thickness, mm 3 
ferroelectric ring length, mm 20 
ferroelectric ring inner diameter, mm 106 

1 ferroelectric ring thickness, mm               1 3          1 
transmission in energy extraction regime 
(£ = 400),dB 

0 

transmission in energy storage regime (e 
= 500), dB 

-4 

maximum electric field in ferroelectric 
in energy extraction regime, kV/cm 

20 

maximum electric field in ferroelectric 
in energy storage regime, kV/cm 

10 

maximum electric field in vacuum in 
energy extraction regime, kV/cm 

865 

maximum electric field in vacuum in 
energy storage regime, kV/cm 

675 

The entire proposed ferroelectric switch arrangement is 
shown in Fig. 4, including the matching diaphragm and 
two TE031 switch cavities with ferroelectric rings, because 
in the switch containing only one cavity the electric field 
in the ferroelectric is still too high even for the vacuum 
mode.. 

Fig. 5. Transmission Tvs. frequency in the energy 
storage regime (solid curve), and the energy extraction 

regime (dashed curve). 

The diameter of the matching diaphragm (see Fig. 4) is 30 
mm and its thickness is 3 nmi, to provide -6.5 dB isolation 
in the energy extraction regime. The frequency 
dependences of transmission for the energy storage and 
energy extraction regimes for the entire system that 
includes the matching diaphragm and the two switch 
cavities are shovm in Fig. 5. The solid curve corresponds 

to the energy storage regime, when both switch cavities 
have resonance frequencies of about 11.350 GHz, and 
transmission at the operating frequency is about -14 dB. 
In the energy extraction regime (dashed curve), the 
ferroelectric permittivity of the switch cavities is 
decreased from 500 to 400, and the resonance frequencies 
are close to the operating frequency. At resonance the 
self transmission of both cavities is close to 0 dB, and the 
matching diaphragm provides the desired transmission of 
-6.5 dB at 11.424 GHz. The bias pulse electric field of 50 
kV/cm is applied to the ferroelectric ring along the axial 
direction. The switching time in the compressor is limited 
by the time which is necessary to charge the capacitance 
of the ring and surrounding structure up to the full voltage 
of 100 kV. This capacitance is in range 180 - 220 pF for 
£ = 400 - 500. So, in order to get a rise time of about 10 
ns for a capacitance of 200 pF, the biasing generator 
impedance should be about 25 Ohms. 

DISCUSSION 
A new ferroelectric switch has been designed for 

installation in the existing double-channel Active Bragg 
Compressor structure already built by Omega-P for 
evaluating plasma switches [12], and which is installed at 
the NRL X-band magnicon test facility. 

In addition to the main goal of achieving a compression 
ratio higher than that available with passive compressors, 
this new switch could also allow rapid variations, during 
both the incident and compressed rf pulses, in the 
coupling between an rf energy storage cavity, the load and 
the rf source. This attribute would lead to an increase in 
energy efficiency, and an improved shape of the output 
pulse, compared to a switch with only binary coupling 
coefficients. 

Authors would like to thank Anatoly Vikharev for 
useful discussions. 
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Abstract 
PBG cavity having one or six defects is studied in the 

frequency domain. External Q-factors are found 
numerically for different portal configurations. A new 
type of hybrid HOMs with coupled monopole and 
multipole field patterns is" found. A novel radial 
transmission line method is introduced to evaluate the 
external Q-factor of modes with quasi-absorbing external 
boundary. A flat-field, rectangular cavity loaded with 
linear arrays of rods and defects is designed and compared 
with the planar barbell cavity. Loss-factor and modal 
spectra are compared with conventional cavities for both 
circular and planar PBG cavities. 

INTRODUCTION 
Photonic Band Gap (PEG) structures for accelerator 

applications have been studied in the last few years by 
several research groups [1,2,3,4,5]. We consider the rod- 
loaded configurations as a new class of microwave 
structures having periodic boundary in the transverse 
dimensions. The PBG acronym for such generalized rod- 
loaded structures may better stand for Periodic Boundary 
in a Gap. For most classical accelerator physics 
applications, an infinite lattice is not required, and the 
essence of such structures is the fields defined by the 
metallic (or dielectric) rods in discrete modes useful to the 
specific application. They can be cavities (usually a 
single-gap) or waveguides (multi-gap in the longitudinal 
direction). We present some of the new features found for 
metallic single-defect and 6-defect cavities as well as 
novel multi-cell [6] and planar designs. 

SINGLE- AND 6-DEFECT CAVITIES 
The common property of the PBG structures is that the 

modal spectrum is much denser than that for the 
conventional pillbox structure. Along with trapped 
(defect) and global (non-local) modes [4], we have found 
and identified new hybrid modes for the metal PBG 
cavities. These hybrid modes are a result of the coupling 
between monopole and multipole modes in the lattice. 

In Figure 1 we compare the modal spectrum (TM 
modes) and bunch energy loss for a single-defect PBG 
cavity with those of a cylindrical pillbox cavity having 
about the same gap, fundamental mode frequency and 
r/Q-value. For the PBG the loss-factor is about the same 
(or higher) as for the pillbox cavity. This result is in 
agreement with comparison made for PBG and TESLA 
cavities [2], and also with the fundamental nature of 
structure-dominated waveguides and cavities [7]. 

Modal spectrum: Loss-factors for PBG and pillbox 

Figure 1: Gaussian bunch TM HOM normalized losses vs 
rms normalized bunch length (solid line: pillbox cavity; 
dashed: 1-defect cavity). Inset: spectral losses (J-s/C^) vs 
frequency (Hz) for pillbox (circles) and 1-defect cavity 
(boxes). 

As an example of a multi-defect PBG cavity [6], a 6- 
defect cylindrical cavity with 55 rods (Figure 2, a) is 
found to have a high efficiency: r/Q = 5.25 kO/m per 
defect at f = 16.7 GHz, Q = 5491 for a gap of 6.91 mm. 
Thus in total, r/Q =5.25 x 6 = 31.5 \£llm, which is very 
close to a simple TMQI pillbox cavity having an r/Q of 
32.2 kfi/m at f = 17 GHz, and a Q of 5525 for the same 
gap. Unlike single-defect PBG and most non-PBG 
structures, a sextupole mode has about the same r/Q as the 
fundamental one. Moreover, dipole and quadrupole 
degenerate modes for some of the defects give even 
higher values of r/Q (by --1.5 to 2 times, depending on the 
mode). 

a) b) 

Figure 2:    Two lattice configurations for a typical 6- 
defect, 4"" order PBG stiiicture. 

Like the 1-defect case, most of the non-trapped HOMS 
are hybrid in the 6-defect case. The classification of 
hybrid modes (e.g. those in Figure 3) is more difficult in 

* Work supported by DOE SBIR grant no. DE-FG03-02ER83400. 
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this case since they can combine some of the local and 
trapped modes along with global modes. 

/"if ft^^5«f ^ » 

K^    i^H^p      J 

Figure 3: Hybrid modes of a 6-defect PBG cavity: a) 
coupled monopole and global quadrupole modes; b) 
global dipole and local sextupole modes; c) trapped and 
global quadrupole modes; d) sextupole and dipole modes 
- both global and trapped. 

Several coupling schemes for the 6-defect cavity (see 
Figure 2, b) are considered using fi-equency detuning 
methods [8,9]. Calculated outcoupling coefficients fie for 
TMo2 mode in a configuration with two or three 
rectangular waveguides on the periphery are 1.2 and 1.7, 
respectively. 

Another configuration is a cylindrical pipe of 06.6 mm 
attached to an additional, center defect. From the resuhs 
given in Table 1 one can see that the TM02 mode is 
suppressed completely, dipole modes are overcoupled, 
and the fundamental mode is strongly overcoupled. 

Table 1: Central coupling characterization. 
Mode /GHz gex, Pc 
TM02, next monopole 18.78 1.71 6130 
TM31, sextupole 18.62 10' 7.2-10-^ 
TM21, quadrupole next 18.44 12750 0.544 
TM21, quadrupole 18.41 16940 0.4 
TMn, dipole next 18.09 1176 7.4 
TMii, dipole 18.05 1102 7.8 
TMoi, fundamental 18.02 347 20 

Next we introduce a simple numerical method of 
calculating the external Q-factor for a cavity with a 
perfect, peripheral absorber. Instead of performing 
extensive, time-domain simulations with a real absorber 
[10], we consider the entire circular periphery as a 
moveable boundary within the framework of a frequency 
detuning method [8]. The peripheral boundary is extended 
to include an outer radial waveguide (radial transmission 
line) where there are no rods. The results are given in 
Table 2 for a 4*^ order lattice with 55 rods (in the 
brackets); a smaller 3"* order lattice with 31 rods; and a 
bigger 5"" order lattice with 85 rods. 

The results show that the lattice order has a dramatic 
influence on the external Q-factor of the major modes (up 
to 1-2 orders). This is quite xmderstandable: the group 
velocity is always lower for more closed/loaded 
structures. The Q-factor reduction observed in a test at 
MIT [11] qualitatively confirms our simulation results, 
which show an ~1.5 order of magnitude reduction (see 
Table 2 for the 3"* order lattice). Table 2 is also in good 
correlation with the results of a 7 x 7 rectangular-lattice 
PBG structure [3], its Q-factor being reduced with 
peripheral absorber by 2 orders for the next (after the 
fundamental one) monopole TMo2-like mode. 

Ta ble 2: Radial line outcoupling characterization. 
Mode /GHz Qex, Pc 
TMn2 23.04 (272)632 (-21) 8.92 
TM3, 17.85 2086 (>10') 3.6 (<0.08) 
TM2, 17.59 3973 1.8 
TM2, 17.58 (171)3346(89000) (40)2.11(13) 
TM„ 17.094 2228 2.84 
TM„ 17.095 (-70)2181(8900) (90) 2.9 (0.71) 
TM„, 16.85 (-69)1959(77000) (82) 2.9 (0.07) 

FLAT-FIELD, ROD-LOADED CAVITY 
A rectangular cavity loaded by finite rows of rods (and 

defects) can have a very high vacuum conductance. Since 
the fields diminish rapidly away from the rods, the cavity 
can take on a large volume, which can easily facilitate 
insertion of non-evaporative getter (NEG) modules with 
high pumping speed, diagnostic ports or laser beams (to 
illuminate, e.g., a photocathode at optimal angles). The 
field flatness in a structure with a row of defects between 
several rows of rods can be adjusted with just a slight shift 
of one or few side rods. Such a flat-field PBG cavity is 
depicted in Figure 4. The performance of the fundamental 
mode is nearly identical to the barbell cavity [12] (see 
Figure 5). The effective aspect-ratio [13] of both cavities 
is high and lies in the range of 11-12 to fit the typical 
needs of, for example, a sheet-beam klystron. 

GdfidL 

Figure 4: One eighth of an X-band, planar PBG structure 
with 2 rows of rods on each side of a sheet beam. 

Figure 6 shows the modal spectrum and HOM losses 
for the vertical TE mode. In spite of very different modal 
spectra for the barbell and the rod-loaded cavities, the 
losses are essentially the same with the exception of 
extremely short and long bunches. 
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For the coupler design of a flat-field cavity, the major 
difficulty is that significant coupling dramatically affects 
the flatness. Several coupling schemes were examined for 
an X-band, flat-field PBG cavity. We found that a cavity 
wfith only 1 + 1 rows of rods worked quite well with 
inductive slots (parallel to the beam) made in both side 
walls as depicted in Figure 7. The coupling for the 
fundamental mode is characterized in Table 3 in which 
dimensions of the slot gap are varied with respect to the 
WR90 pipe vertical height; <A£'f> is the averaged relative 
fi-equency deviation from an analytical fit [8,9]. 

Rods 

0.0001 

0.0000 
0 .05 .10 .15 .20 .25 .30 

Figure 5: Relative non-flatness of shunt impedance of two 
planar cavities for the fundamental TMn mode: barbell 
(dashed), and one loaded by 2+2 rows of rods (solid line). 

Figure 6: Relative contribution of vertical TE losses of 
displaced bunch Ay=0.43mm vs its relative length for 
barbell and rod-loaded structures. Inset: loss-factor modal 
spectrum (J-s/C^) vs frequency (Hz) for vertical dipole 
symmetrical TE modes in barbell (circles) and rod-loaded 
(boxes) planar structures at CT=1.6mm. 

Table 3 Coupling characterization for planar PBG cavity. 
Slot 
WR9 
0 

/; 
GHz 

Qo Qe., A <Af/f> 

1/5 11.11 5643 7084 1.01 2-10-^ 
1/4 11.04 8026 2278- 

2018 
3.07- 
3.48 

1.5-10-' 

1/3 11.5 7115 -330 -25 1.5-10-" 

Figure 7: One eighth of a planar PBG structure with 1+1 
rows of rods coupled with a WR90 waveguide. 

APPLICATIONS 
As noted, the relatively open nature of the planar PBG 

structure gives it several advantages. Planar PBG cavities 
can be used in a sheet beam klystron (SBK) or a planar 
lasertron (see Figure 5) to modulate a high current, 
moderate voltage, ribbon beam, and to generate high rf 
power from a bunched beam. A planar lasertron which 
requires only a simple output circuit would be more 
compact than an SBK, with an additional advantage of 
excellent pumping. 

Figure 8: Schematic of a planar, X-band lasertron ("long" 
dimension into paper). 
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CONSTRUCTION AND TESTING OF A 21 GHZ CERAMIC BASED POWER 
EXTRACTOR* 

D. Newsham, A. Smimov, D. Yu, DULY Research Inc, Rancho Pahs Verdes, CA 90275 
W. Gai, R. Konecny, W. Liu, ANL, Argonne, IL 

H. Braun, G. Carron, S. Doebert, L. Thomdahl, I. Wilson, W. Wuensch 
CERN, Geneva, Switzerland 

Abstract 
A ceramic based power extractor [1] operating at 

21 GHz was built by DULY Research Inc. and tested at 
CTF2, the CERN Linear Collider (CLIC) Test Facility. 
The structure includes a ceramic extractor section, a 2- 
output-port, circular-to-rectangular waveguide coupler, 
and a 3-port rectangular waveguide combiner that 
provides for a single output waveguide. Results of cold 
tests and full beam tests are presented and compared with 
theoretical and numerical models. 

INTRODUCTION 
The dielectric based rf power extractor [2] shows great 

promise for use in a power source of a two-beam collider, 
having superior performance and a simpler design when 
compared to conventional high-power sources. As a first 
test of the power that can be extracted at high frequency 
from a dielectric structure, DULY Research has 
manufactured a 21-GHz ceramic power source [1] which 
was fiiU-beam tested at CTF2. Data was taken for both 
single-bunch and multi-bunch train operation. 

Because of the strict time constraints imposed by the 
impending shutdovra of CTF2, cold test measurements 
were performed at CERN and ANL after the full beam 
test was performed. Based on the data from the full-beam 
experiment along with the measured S21 from the cold 
test, the peak power produced by the power extractor with 
a 275 nC bunch train is estimated to be -50 MW, and is 
consistent with theory. 

FABRICATION 
Figure 1 shows a 3D cut-away model of the power 

extractor with the primary sections split open indicating 
the internal structure of the separate pieces. The inner 
diameter of the ceramic tube was 10 mm, and was a 
compromise between the size of the electron beam 
(> 6 mm), and the thickness of the wall of the ceramic 
tube (1.465 mm). The full length of the ceramic section 
was 33 cm and consisted of 4 ceramic tubes. Three of the 
tubes were 9 cm each and the final tube was tapered to 
minimize reflection from the end. 

The extractor was constructed of OFHC copper and 
brazed to two NW40 flanges for mating to the coupler and 
to the CTF2 beam line. After brazing, the center hole was 
precision honed such that the ceramic tubes just slipped 
through without binding. The ceramic was held in place 

*Work supported by DOE SBIR grant no. DE-FG03-01ER83232. 

by copper spacers that are part of the flange connections. 
The waveguide side slots in the coupler and WR42 flange 
pieces were EDM cut. The assembly was brazed to form a 
choke joint in the central hole at the downstream side of 
the coupler, which includes 2 output waveguides and 
proper flanges for attachment to the extractor and the 
CTF2 beam line. The WR42 waveguides between the 
coupler and the combiner were bent and cold tested for 
equal phase length at CERN and shipped to DULY for 
brazing to the flanges. The combiner was constructed 
from two pieces of 304 SST. Two 90°-arc grooves were 
machined into one of the pieces. The slots were plated 
with copper, and then the 2"'' SST piece was brazed on top 
of the grooved piece to close the waveguide. After 
brazing, the required flange faces were machined. 

Figure 1: 3D split model of the 21 GHz ceramic based rf 
power extractor. 

THEORETICAL MODEL 
The theoretical model [1] for the Cherenkov radiation 

produced in the ceramic by the passing electron beam was 
modified to include the effects of reflections at both ends 
of the ceramic lined tube. This model assumed that there 
were no reflections at the interfaces between the 
individual ceramic tubes, that there was no mode 
conversion within the structure (the coupler could easily 
cause mode conversion), and that the reflection 
coefficients at the two ends were constant over the range 
of study in both time and frequency. Reflections induced 
by the coupler, choke, or combiner were assumed to be 
part of the reflection at the end of the exti-actor tube. The 
circulating power stored in the cavity is given by: 

Pln.A()» 
i-roF, P. (1) 
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where tf is the filling time, To and TL are the complex 
reflections at the beginning and end of the ceramic tube, 
and /"i is the power generated by the ceramic in the 
absence of any reflections [1]. Two typical cases of Eq. 
(1) correspond to destructive and constructive 
interference. Destructive interference occurs for |1- 
roFLl > 1 and the power circulating in the cavity is 
identical to the power generated by the electron beam Pj. 
This condition occurs over a wide phase range: 
largCrorOI > Arccos(|rorL|/2). Constructive interference 
occurs when ll-roFLl < 1, and the power will build up 
during the pulse, and the peak power circulating in the 
cavity will occur when the reflection phase is 
approximately zero, argCTorO^O. From 3D 
electromagnetic simulations using CST Microwave 
Studio, the reflection at the beam entrance is |ro| = 0.992. 

Ultimately, the power that exits the structure is 
delivered to the load at the power combiner and is 
determined by S21 assuming no losses in the cavity and 
the power only exits out the combined port: 

Intra (2) 

COLD TESTS 
Cold tests of the power extractor were performed at 

CERN and ANL afler the fiill beam tests. Early on during 
the beam tests, it was noticed that strong reflections were 
taking place within the structure. A circular mode 
launcher was designed and constructed at CERN 
specifically for launching/receiving the test signal at the 
beginning of the ceramic pieces, and a second launcher 
was built to match the entrance of the coupler. In addition 
to the circular launchers, absorbing loads and a single 
WR42 high power load were used for the cold tests. 

A measurement laimching from the beginning of the 
first ceramic tube and ending at the combiner output 
waveguide resulted in a transmission coefficient: 
Sn = -12dB (ANL measured -14dB). This number will 
be used with the measured rf output power in the full 
beam test to determine the power generated in the 
extractor. 

Subsequently, the coupler was tested separately. With 
the signal launched at the upstream beam opening, the 
insertion loss to one of the output flanges (with an 
absorber in the other one) was -12.5 dB, not the -3 dB that 
was expected. Finally, the phase difference between the 
two WR42 output ports on the coupler was 120° instead 
of the 180° required for correct operation of the power 
combiner. This mismatch could potentially be used to 
advantage by trapping more power than generated in the 
extractor (with constructive interference) to test the 
ceramics breakdown. 

FULL BEAM TESTS 
Full beam tests were performed at CERN on CTF2 

during the first week in October 2002. Both a single 
electron bunch and multi-bunch electron trains were used. 
In all cases, the output rf signal was mixed with a local 

oscillator (fio) and displayed on a digital oscilloscope, 
where both down-mixed time signal and the FFT 
spectrum of that signal were displayed. Based on the 
value of the attenuators, the power calibration (on the 
time scale display) was 35 kW for a 0.1 V (zero-to-peak) 
signal. The charge of the electron bunches varied (2.5 - 
5.7 nC per bunch), but the bunch length was between 5 

and 6 ps FWHM, and assumed Gaussian. 

Single Electron Bunch 
Single bunch experiments were first performed using a 
bunch charge up to 5 nc. Figure 2 shows the results from 
a single electron bunch test. Figure 3 shows the results of 
the theoretical model with similar input parameters and 
numerically mixed with a local oscillator at 23 GHz, the 
same as the experimental data. 

- -y^,^| Ui ^#vAv.**'vs<^w#'■.yvv« 

Ch4    SOOmVQ 
lO.OmV       SOOMHz 

Figure 2: Experimental results of the CTF2 single bunch 
test. The upper trace is the mixed output time signal; the 
lower trace is the frequency spectrum of the time signal. 

Figure 3: Simulated extractor signal for a single electron 
bunch mixed with a local oscillator time signal. The 
insert is the FFT spectrum of the simulated time signal. 

Both the experimental and theoretical data for single 
bunch excitation show the following spectral 
characteristics: 

• The main peak is split into several peaks spaced by 
approximately 0.16 GHz, which corresponds to 
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approximately the inverse of twice the filling time, 
caused by reflections within the length of the 
ceramic structure. 

• Large satellite peaks separated from the main peak 
by approximately 0.5 GHz, which correspond to 
the inverse of the rf pulse length of the signal 
produced by a single bunch (drain time). 

Multiple Bunch Train 
Electron bunch trains consisting of 48 bunches per 

macro pulse were the primary focus of study at CFT2. 
The results were studied for several values of the total 
charge. Because higher charge resulted in an electron 
beam that was larger than the beam aperture, multi-bunch 
operation was functionally limited to a total charge of 
275 nC, or, 5.7nC/bunch. Radioactivity measurements 
after the beam test corroborated that there was beam 
interception at the entrance of or inside the power 
extractor tube. The bunch spacing of 0.33 ns was based 
on the linac frequency (3 GHz), and the extractor was 
designed to operate at 7 times the linac frequency. Figure 
4 shows a sample experimental time signal and frequency 
spectrum. 

.    200mVQ 
SOOMHz Math2      1 corn's 

Figure 4: CTF2 results for a multi-bunch electron train. 
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Figure 5: Simulated time signal for the case shown in 
Figure 4 (different time scale). 

Figures 5 and 6 show the analjrtical calculations for a 
bunch train with a total charge that is the same as the 
experimental data, with a local oscillator frequency is 
21.5 GHz, the same as the experiment. 

The results of the cold test data gave a transmission loss 
of-12 dB, thus the power generated in the cavity can be 
calculated by inverting Equation 2: P/„^aS 15.8/"„„,. The 
apparently low power output is a result of the poor output 
coupling and is not an indication of low power generation. 
Figure 7 shows a summary of all the experimental data 
taken for the multiple bimch train measurements at CTF2 
along with a theoretical curve [1] that contains no free 
parameters. Endoscopic examination after the beam 
testing revealed signs of damage in the last ceramic tube. 

j 
n. 

fLo-f, GHz 

Figure 6:   FFT of the simulated time signal shown in 
Figure 5 (see Figure 4 for comparison with measurement). 
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Figure 7: Power generated in the 21 GHz ceramic based 
power extractor for various values of the total beam 
charge (48 bunches per pulse). 

CONCLUSIONS 
A ceramic based rf power extractor generated almost 

50 MW of power at 21 GHz. Despite some experimental 
difficulties and fabrication errors, this value for the 
generated power matched quite well with the anticipated 
power level. The measured spectra correlate well with the 
spectra extracted from a theoretical model with simple 
reflections at the ends of the ceramic extractor. 
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USING FERRITE AS A FAST SWITCH FOR IMPROVING RISE TIME OF 
IPNS EXTRACTION KICKER * 

L.I. Donley, J.C. Dooling, and G. E. McMichael Argonne National Laboratory, Argonne, IL 60439 

Abstract 
The Kicker system [1-2] is used to extract beam from 

the Rapid Cycling Synchrotron (RCS). The Kicker 
consists of four identical pulse circuits, each providing 
over 3.8 kA to each magnet winding. The magnet length 
is restricted to the space between vacuum bellows 
attached to the ring magnets. This leaves 0.89m for the 
magnet. To keep the voltage low the magnet conductor is 
broke up into 4, Vi-tum magnet windings. Each pulse 
circuit consists of a Pulse Forming Network (PFN) that is 
charged to 50 KV. The PFN is discharged through a 
thyratron into a 6.3-ohm transmission line to one of the 
magnet windings. Our system has always had marginal 
rise time of around 100 ns. Although the thyratron 
switching time is much faster than this, losses in the 
transmission lines cause the slower response. By using 
ferrite to make a fast switch between the transmission 
lines and the magnet, the rise time in the magnet can be 
reduced. To make a fast ferrite switch, the saturation 
point must carefully be chosen. Parameters related to 
choosing the proper ferrite to provide fast saturation, at 
the correct current will be discussed. 

INTRODUCTION 
The Intense Pulsed Neutron Source [3] RCS delivers 450- 
MeV protons in a 70 ns pulse at 30Hz to a heavy-metal 
target to produce spallation neutrons for material science 
research. The average current is 15 jiA with a peak 
intensity of 10 Amps. The kicker system is used for single 
turn extraction from the RCS. The RCS extraction kicker 
current has always had a slower rise time than desired; 
historically, it has been greater than 100 ns. Up to now^ 
the rise time has not presented a problem other than to 
restrict the tuning range available to the operators. At 
extraction, the cycle time of the h=l bunch is 194 ns of 
which 70 ns contains 98 percent of the beam. Therefore a 
100 ns rise time leaves a 20-25 ns window for manual 
tuning. However, with the installation of a third cavity [4- 
5] operating at the second-harmonic to raise the current 
limit, the kicker tuning window will be consumed. A 
shorter rise time will be necessary to take full advantage of 
second harmonic operation. 

Operationally, the previous coaxial cable used in the 
PFNs and transmission lines to the magnets failed 
frequently. When our supply of cable ran low, we decided 
to purchase a different type of line. The new line is much 
more robust, but pulse rise time is slower. The rise time for 

the new cable was initially measured at 115-120ns. This 
caused beam loss to go up in the RCS. We needed to 
improve the kicker rise time, but due to the radiation 
levels in the RCS tunnel, the project needed to be done 
with minimal time in the tunnel. Also, limited space is 
available in the RCS tunnel by the kicker magnets for 
additional components. 

TEST SETUP AND RESULTS 
We are in the process of developing a new kicker 

system that will use CX-1725 thyratrons, replacing the 
CX-1175 devices currently in use. The new thyratrons 
offer longer lifetime and cheaper replacement cost. A 
test stand has been constructed to evaluate a new switch 
circuit using the CX-1725. With the exception of the 
magnet, a prototype system is presently operating as it 
will be used in the RCS. The transmission lines for the 
prototype are terminated in a 6.5-Q load. The kicker 
test stand provides an excellent place to test ideas that 
might improve the overall extraction system. 

Employing the nonlinear saturation effect of ferrite, 
[6-8] the rise-time of the current in the kicker magnets 
can be lowered. Ferrite toroids are placed on the 
conductor between the end of the transmission line and 
the load. The square cross section toroid dimensions 
are 2.9-in. (7.37 cm) O.D. by 1.5-in.(3.81 cm) I.D. with 
a thickness of 0.5-in. (1.27 cm). The ferrite toroids used 
here are composed of Ni-Zn and are commercially 
available (Fair-Rite Products, Corp., Type 43, PN: 
5943011101). The initial permeability of the Type 43 
material is 850. Figure 1 shows the double exposure of 
a pair of oscilloscope waveforms. The signal displayed 
on channel 1 comes from one turn on a single ferrite 
toroid. Channel 3 monitors the current using a current 
transformer (CT). The "A" traces are the result of 
having only one toroid on the conductor; whereas, the 
"B" waveforms are with 14 toroids on the same 
conductor. Fig. 1 shows that the current pulse through 
the CT has an 18 percent shorter rise-time using the 14 
toroids. 
Voltage across the toroid stack can be estimated by 
multiplying the voltage across one toroid by the total 
number of ferrite pieces. The voltage across one toroid 
is greater than 2000 V at the peak and drops to less than 
500   volts   in   18   ns,   a   1500   V   change.      The 

*This work is supported by the US DOE under contract no. W-31-109-ENG-38. 
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Figure 1 Scope trace from test stand. Ch 3 A is with only one toroid and Ch 3 B is with 14 toroids. 

total voltage exceeds 20 KV in less than 20 ns for the 14- 
toroid stack. Because of the low quality factor for the 
coax cable transmission line, much of this voltage rise is 
not seen by the load and is instead dropped across lossy 
components in the transmission line. Magnet load 
termination is also an important factor in determining 
kicker current rise time. Load termination will be 
discussed in the next section. 

The ability of the toroids to improve rise time is a 
function of their ability to store energy. In this application 
they will be operated with current passing through them in 
only one direction. Under this condition, the ferrite tends 
to become a permanent magnet. The field that remains at 
the beginning of the pulse, decreases the amount of field 
change the ferrite can accept before the it goes into 
saturation. By gapping the ferrite, the residual magnetic 
field can be reduced. This increases the energy that can be 
stored each pulse. Figure 2 shows effect of adding a gap to 
the Ni-Zn toroids mentioned above. Several factors must be 
considered when choosing a toroid and gap thickness. The 
ferrite must have a frequency response capable of handling 
the pulse rise-time being sought. Under high bias 
conditions, the upper frequency limit of ferrite can be 
increased slightly. Frequency response requirements limit 
the permeability of the ferrite to less than 1000. The rise- 
time of the current is limited by the inductance of the 

toroids xmtil saturation is reached. This requires the 
ferrite to go into saturation at a current low enough not 
have a significant effect on the circuit. The assumption is 
made that if the saturation current is below 5% of the 
peak current, the added inductive loading would not cause 
a problem for the beam for the one pass through the 
magnet before extraction. This requires the toroids to 
saturate at less than 200 A. Figure 2 plots Volt-seconds 
verses Amps for gapped and imgapped Type 43 toroids. 
Figure 2 shows that saturation of the gapped toroids 
occurs between 100 and 200 amperes. 

Reading from the graph, each toroid can block the 
current from rapid rise for about 55 V-n,s before going 
into saturation. During the time before the toroids 
saturate, the current is being limited by the ferrite and 
the transmission line voltage is approaching its full 
voltage. When the toroids saturate their inductance will 
drop to near zero and the transmission line voltage will 
be applied to the magnet load system. 
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Figure 2 Measurements on 5943011101 toroid shows 
how many volt seconds can be applied before the 
toroid saturates. 

RCS KICKER SYSTEM 

A block diagram of the kicker transmission line, magnet 
and load shows the new components and where they are 
installed. The capacitance, Cinms, at the end of the 
transmission line is 800 pF and CL„ad is 7500 pF. Five 
toroids are present on the load capacitor line and nine are 
placed on the lead between the transmission line and the 
magnet. In the block diagram all of the circuitry before 
the feed end of the transmission line has been omitted 
because of space. 

CONCLUSION 

It is harder to evaluate the effect on the system that is in 
operation because of radiation levels and the time 
required to make changes and take data but 
improvements have been seen. Initially all of the toroids 
were between the end of the transmission line and the 
magnet. Tests showed better results with some of the 
toroids on the capacitor lead. When considering how 
many toroids to put on the capacitor lead both the 
current in the load and the toroid current go through the 

magnet. Magnet current should be less than 5% of flat 
top when the toroids go into saturation. By putting a 
loop of high voltage wire through one of the toroids the 
voltage can be measured. The voltage across the 
toroids on the capacitor lead is lower than the other 
toroids. There was some overshoot of the current pulse 
but the rise time of the pulse is faster and the top is 
flatter after some load tuning. More time will be spent 
when the new CXI725 system is installed. 

Transmission 
line consists of 

-8, 50 ohm     ~-^ 
18 Ft cable    -^ 

-Toroids added at- 
, these locations 

1of4 
Kicker 
windings r\ 

Capacitor C Trans, 
added to improve rise time. 

CT used to monitor magnet current 

Figure 3 Block diagram of Kicker system 
including only components from transmission 
line through load. 
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Abstract 

Proton beams will be injected into LHC at 450 GeV by 
two kicker magnet systems, producing magnetic field 
pulses of approximately 900 ns rise time and up to 
7.86 us flat top duration. One of the stringent design 
requirements of these systems is a flat top ripple of less 
than ±0.5%. Both injection systems are composed of 4 
travelling wave kicker magnets of 2.7 m length each, 
powered by pulse forming networks (PFN's). To achieve 
the required kick strength of 1.2 Tm, a low characteristic 
impedance has been chosen and ceramic plate capacitors 
are used to obtain 5 Q.. Conductive stripes in the aperture 
of the magnets hmit the beam impedance and screen the 
ferrite. The electrical circuit has been designed with the 
help of PSpice computer modelling. A full size magnet 
prototype has been built and tested up to 60 kV with the 
magnet under ultra high vacuum (UHV). The pulse shape 
has been precision measured at a voltage of 15 kV. After 
reviewing the performance requirements the paper 
presents the magnet design, emphasizing several novel 
design features, and discusses the test results. 

duration of the SPS acceleration cycle which is about 
18 s. The LHC will be filled with 12 batches of either 
5.84 (is or 7.86 us duration each, to be deposited 
successively on the machine circumference. This leaves 
11 gaps of 0.94 (xs to account for the kick rise time and 
one gap of 3.0 (xs for the kick fall time. The latter gap will 
also be used for the rise time of the beam dumping 
kickers. Table 1 summarizes the main parameters of the 
injection kicker system. 

Table 1: System requirements and parameters 
Number of magnets per system 4 
Kick strength per magnet 0.3 T.m 
Magnet beam aperture (diameter) 38 mm 
Characteristic impedance 5 Q 
Operating charging voltage (PFN) 54 kV 
Field flat top ripple <±0.5 % 
Field flat top duration up to 7.86 US 
Field rise time 0.5%-99.5% 0.9 US 
Field fall time 99.5%-0.5% 3.0 US 
Magnet length 2.7 m 

INTRODUCTION 
CERN, the European Laboratory for Particle Physics, is 

constructing the Large Hadron Collider (LHC), which 
will bring protons into head-on collisions at an energy of 
14 TeV, and heavy ions at 1148 TeV. 

The LHC will be located in the 27 km long tunnel that 
previously housed the Large Electron Positron Collider 
(LEP), and be filled at 450 GeV through a chain of 
injector machines. Two counter-rotating beams, which 
can collide in up to 4 interaction points, will circulate in 
two horizontally separated channels. Each beam channel 
will be filled by 12 batches of protons from the Super 
Proton Synchrotron (SPS), injected successively along the 
machine circumference from a dedicated injection point. 
Injection is carried out in the horizontal plane by means 
of a septum magnet followed by a vertical fast pulsed 
kicker system. 

INJECTION REQUIREMENTS 
The beam to be injected approaches the kicker system 

at an angle of 0.8 mrad, requiring a total kick strength of 
1.2 Tm for deflection onto the cenfral machine orbit. The 
reflections and the flat top ripple of the field pulse must 
be lower than ±0.5%, a very demanding requirement, to 
limit the beam emittance blow-up due to injection 
oscillations. The pulse repetition time is imposed by the 

MAGNET DESIGN AND CONSTRUCTION 

General 
A carefully matched high bandwidth system is needed 

to obtain the stringent pulse response requirements. The 
system is therefore composed of a multi-cell PFN and a 
multi-cell traveUing wave kicker magnet, connected by a 
matched transmission line and terminated by a matched 
resistor. A low system impedance (Z) of 5 f^ has been 
chosen [1]. Fig. 1 gives the basic circuit diagram. 

Fig. 1: Schematic circuit of system. 

The design voltage is 60 kV, as in most SPS kicker 
installations, allowing the use of several proven 
components such as transmission line, connectors and 
termination resistors. The voltage on the magnet is half of 
the PFN voltage: allowing for overshoot, the design 
voltage of the magnet is 35 kV. 

Design strategy 
The ferrite cores of the kicker magnet have a C- 

configuration to allow earthing of the coaxial cable input 
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connection and the output connection to the termination 
resistor. To achieve a characteristic impedance of 5 Q, 
ceramic plate capacitors with contoured rims have been 
used inside the magnet. The kicker magnet consists of 33 
cells, which is a compromise between the bandwidth and 
the cost. The cell size allows an optimum filling of the 
540 mm diameter vacuum tanks reused from the LEP 
separators. The nominal self-inductance and capacitance 
of each cell is 101 nH and 4.04 nF, respectively. 

In order to minimize beam impedance, while allowing a 
fast field rise time, a ceramic pipe with silver stripes on 
its inner wall is placed within the aperture of the magnet. 
The stripes provide a path for the image current of the 
beam and screen the ferrite against induced heating [2]. 
The stripes are directly connected to the standard vacuum 
chambers of the machine at one end and via a decoupling 
capacitance of 300 pF at the other end. 

Modeling 
The electrical circuit of the complete kicker system, 

including PFN, thyratrons, coaxial cables, kicker magnet 
and terminators has been optimised using PSpice [3]. The 
voltage dependency of the terminating resistor has also 
been modelled. The PFNs were optimised to obtain the 
required rise time, flattop, fall-time and post pulse field 
quality, first with an ideal transmission line magnet 
modelled, and then with a realistic model of the kicker 
magnet including all known parasitic elements. An input 
RC network and a capacitor in parallel with the 
terminating resistor were added and optimised to obtain 
the required field quality. 

Some damping is necessary to minimize the pulse 
ripple. The ferrite has a quality factor (Q) of 5, but it 
cannot be considered as being the Q factor of the cell 
inductance because the latter is defined by the aperture of 
the magnet. This has been verified by measurement and 
damping resistors of about 30 Q have been connected in 
parallel with each cell inductance to reduce the effective 
Q. A more efficient damping would affect field rise time. 

The mathematical model also includes beam impedance 
stripes mutually coupled to the self-inductance of the 
corresponding cell of the magnet [1]. This allows the 
effect of the stripes upon the field quality to be included. 

The predicted magnetic field for the prototype PFN and 
prototype kicker magnet constructed at CERN was well 
within the specification, providing allowance for real 
pulses. The dump switch was turned on during the 
simulation to define the duration of the field pulse. The 
predicted rise-time was approximately 820 ns, and the 
corresponding fall time 2.2 ^s. The field flat top varied by 
almost +0.3%, a resuh of already known variations in the 
diameter of the prototype PFN coils [4]. Detailed 
measurements made on the series of nine PFNs 
manufactured at TRIUMF [5] have shown that this 
problem has been overcome. 

Construction 
Each of the 33 cells includes 2 ceramic plate capacitors 

with diameter 210 mm, to arrive at the capacitance of 

4.04 nF, including the plate end effect. The capacitors are 
mounted between the high voltage and ground plates and 
the connections are ensured by toroidal spring contacts all 
around the capacitor rims. This electrical contact is 
critical and depends strongly on a good rim geometry. The 
high voltage and ground plates are spaced by three 
ceramic-metal insulators, which together compose an 
independent cell assembly. Careful design of the 
mechanical components (distances and radii) aimed at 
maintaining electrical fields below 5 MV/m. 

Fig. 2 shows a schematic cross section of a magnet cell 
with C-shaped ferrite yoke and 2 ceramic matching 
capacitors mounted between high voltage and ground 
plates, and Fig. 3 shows the magnet during assembly. 

Ground plate 

High Voltaae Plate 

\-^^^^^ Matchinq Capacitors 

\:^^^<-^ Vacuum tank 0540 

Wo""^ Grounci Conductor u. Metallized Ceramic Tube 

.Dampinq Resistor 

\;--->^ ̂  High Voltaqe Conductor 

^ Ferrite C-Core 

Fig. 2: Kicker magnet cross section 

Fig. 3: Prototype kicker magnet during assembly 

For stability reasons capacitors are made of class 1 
ceramic with relative permittivity between 75 and 90, 
consisting of a monolithic ceramic with silver layers for 
the electrodes. Three manufacturers have been qualified 
in Europe. 

Outgassing tests have shown that these ceramic 
capacitors can be used in UHV. However, their high- 
voltage behaviour was unexpectedly poor under vacuum, 
with surface flash-over problems, calling for challenging 
development work to achieve a reliable operation at full 
voltage. Successful test results have finally been obtained 
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by improving two important aspects that drastically affect 
the voltage holding: 

a) The geometry of the transition between the 
connecting plates and the capacitor has been studied in 
detail with finite element computer codes. Deflector parts 
have been implemented to eliminate the electrical field at 
the triple junction; in addition high voltage and ground 
plates have been electropolished. 
b) The vacuum quality has been improved by bake out at 
300°C and vacuum firing on most of the parts of the 
magnet. Therefore, the magnet has been designed to be 
bakeable and made of stainless steel, aluminium being 
unsuitable for such temperature cycles. 

Low inductance damping resistors have been developed 
for UHV compatibility. They consist of two counter- 
wotind Kanthal© wires on a ceramic rod. 

The ceramic pipe inside the aperture of the magnet is 
made fi-om a 3 m long extruded ceramic tube with a wall 
thickness of 4 mm. The stripes are produced using a 
printed circuit board technique, but complicated by the 
access to the inside of the tube. Two layers of silver 
painting are first applied uniformly inside with bake out at 
800°C after each layer. The mask is maintained against 
the inner wall by vacuum while UV light is passed 
through the pipe. The decoupling capacitor at one end is 
obtained using the ceramic tube itself as dielectric. The 
tube extends outside the magnet on which the outer 
surface is uniformly silver painted over 200 mm and the 
inner covered by the stripes, thus giving the capacitance 
between each stripe and the outer layer. The outer layer is 
to be connected to the metallic beam tube of the machine. 

Test results 
A prototype magnet has been built. The vacuum level 

after bake out was as low as 3*10"" mbar. The magnet has 
been successfully tested with 4*10^ pulses at 60 kV PFN 
voltage with only two non-destructive breakdowns. 

101.0% 
100.5% 

ioo.o%4-- 
99.5% 

99.0% 4 
98.5% 
98.0% 
97.5% 

Fig. 4: Measured magnetic field (horiz. scale us) 

After these tests in UHV, the magnet has been pulsed in 
air at reduced voltage (15 kV) for precision magnetic 
measurements in the aperture. The measurements have 
been carried out by means of an inductive loop probe with 
a precision better than 0.1% [6]. The metallization being 
not yet realized on the full length ceramic pipe, a 
metallised mylar film with the final stripe geometry has 
been installed and connected adequately to represent the 
final coupling. Fig. 4 shows that the resulting field pulse 

just fulfils the stringent requirement. The measured rise 
and fall times, with dump switch triggered, are 880 ns and 
2.7 us, respectively. 

CONCLUSIONS 
A large and relatively strong fast pulsed magnet has 

been designed for the LHC injection and constructed for 
its specific requirements. The simulation results have 
shown that it is theoretically possible to achieve the 
required magnetic field pulse. The mechanical design has 
been complicated by the need to bake-out the full magnet 
due to the ceramic capacitors. A prototype of the whole 
system has been built and tested at CERN at full voltage 
with the magnet under UHV. Although some parasitic 
effects have not been identified and incorporated in the 
equivalent circuit, the magnetic field waveform is within 
specifications. 

The design thus validated, the series construction has 
been launched and most of the components are in 
production in industry. The injection test in LHC with 
beam, using 4 kicker magnets, is foreseen in spring 2006. 
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SWITCHING POWER SUPPLY FOR THE PFL KICKER MAGNET 

H. Sato, E. Nakamura, S. Murasugi, S. Yamanaka and T. Kawakubo, S.Igarashi, KEK-PS 

T. Hatano and N. Shimizu, NGK Insulators LTD, Nagoya 
And 

A. Tokuchi, Nichicon Corporation, Kusatsu 

Abstract 
Sl-thyristor is expected as a solid-state high power 

switching semi-conducting device for the kicker magnet 
in the circular accelerator. Current rise has reached to 
IGOkA/fis. We noticed this characteristic and tried the 
use it for the pulse forming line(PFL). Preliminary 
results of the proto-type power supply of 20kV-120ns, 
with various impedance, although the intention is 75kV- 
100ns, are presented. 

1 INTRODUCTION 
Static Induction type semi-conductors were invented 

by Dr.J.Nishizawa in 1970's [1,2] for diode and 
transistor. Static induction thyristor (Sl-thyristor) is 
recently noticed as it's superior characteristics for high 
voltage and high current applications such as, 
(1) A low "ON state voltage drop" characteristics. 
(2) The high speed switching and low loss characteristic. 
(3) The high blocking voltage. 
(4) High current rise rate. 
(5) High current characteristics. 

As consideration these caharacteristics, Sl-thyristor is 
expected as a solid-state high power switching semi- 
conducting device for the kicker magnet in the circular 
accelerator. We noticed this characteristic and tried to 
use it for the pulse forming line (PFL). Although the 
intention is 75kV-100ns as shown in Table 1, 
preliminary test of the proto-type power supply of 20kV- 
120ns with various impedance, has been performed[3]. 

A solid-state switch is also implemented as the high 
power switch for the KEKB injection kicker magnet 
power supply and one of the thyratrons has been replaced 
to the Sl-thyristor [3,4]. The switch has been 
successfully operated at 20kV voltage, 1.3kA peak 
current and 2 [isec pulse width under 50 Hz repetition 
rate. 

The use of the solid-state switch in the pulsed magnet 
must be considered seriously under heavy duty repetition 
and consideration of the equipment life. Recently 
research and development using Sl-thyristor started in 
the accelerator field, such as high power switch for the 
driver of the klystron pulse modulators [5]. 

Gate 

K 
9    1° 

(|> 3.2 ± 05 
Dcpth2±0i 

Repetitive peak off-state voltage: 4000V 
Reverse conducting type 
Non-alloyed Flat-wafer pellet 
Press-pack ceramic housing 
On-state current: 600A(RMS) 
Peak one cycle surge on-state current: 5500A 
Critical rate of rise of on-state current: ISOkA/jis 

Figure 1: Reverse Conducting Static Induction Thyristor 
TypePS1600PA4071 

2 PROTO-TYPE SWITCHING POWER 
SUPPLY FOR THE PFL KICKER 

MAGNET 

Specification of the kicker magnet parameter for the 
several hadron accelerator are shovra in Table 1. First of 
all, we performed the test of current rise using a sample, 
RT103, Toyo-Denki-NGK. Although the catalogue data 
is 100kA/|j,s, the current rise was made sure up to 
283kA/ns. A 45kV modulator using this device for 
klystron [5] had been done in advance and we tried to 
test for the PFL kicker using this module [6]. After the 
good resuhs, we set about making a R&D module for 
exclusive use to test the PFL kicker using new type of 
RS1600PA40T1-NGK as shown in Fig.l. Following the 
specification as shown in table 1, aim of the proto-type 
power supply are set as, 70kV of charged voltage, 7kA 
of output current, 5Q of impedance, less than 120ns of 
rise time and 1.1 n,s of pulse width, but first goal was set 
as, 20-40kV of charged voltage and current depend on 
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the impedance between 10 S2 to 50 £2. Over view of the 
demonstrated modulator is shown in Figures 2 and 3. 
Figure 4 shows a schematic drawing of the test circuit of 
Sl-thyristor unit. Deterioration in current rise was 
observed. This may be considered by the inductance 
around load resistor and CT and the modification trial 

using head-up condensers of various capacitor. Results 
of the load current waveforms, as shown in Figure 5, are 
satisfy except of the charged voltage. After that, we are 
going to make the modulator for the 50GeV abort kicker. 

Table 1 

Pulsed Power Supply for the Kicker Magnet at the KEK-PS and JHF 

Extraction Kicker     Extraction Kicker    Extraction Kicker     Injection Kicker     Abort Kicker 
KEK-12GeVPS       SOOMeVBSTR        JHF-3GeV-RCS       JHF-50GeV-PS      JHF-50GeV-PS 

Voltage(kV) +70--40 65 80 80 40 
Current(kA) +6"-3 1.3 8 8 8 
Pulse width(ns) 1.1 0.12 1.2 1.2 6 
Current Rise(ns) 80 40 80 70 1,100 
Field Rise(ns) 150 70-80 250 250 1,100 
Field Fall(ns) 70-80 
Flatness(%) ±1 ±1 ±1 ±1 
Repetition(Hz) 1/2.2 20 25 25pps x 4bursts 1/3.6 
Impedance 12.5 25 10 10 2.2|xH / 
of magnet (Q) (distributed magnet) (lumped magnet) 

Figure 2: Drawing of seven series Sl-thyristor stack. Figure 3: Picture of Sl-thyristor module and PFL cable. 
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* Simple linBS with floated cathode Sl-thy. unit. 

Pulse Forming Lines 

PFL: 10D2W18m9p 
Z ~ 5.6 ohms 

4)   

" Hesid-up 
Condenser 

d 

^ P 

Transmission Lines 

TL : 10D2W 20m 9p 
Z ~ 5.6 ohms 

^ 
:&-( 

DC-HV 
chaigei 

t ^ 

Sl-thyristor Units 
stacked, 7sIp. 
cathode floated. 

/ 

[HV probe] 

Dummy Load 
R ~ 5.3 ohms 
slightly mis-matched, 
but adjustable. 

m 

Figure 4: Schematic drawing of test circuit of Sl-thyristor. 

Figure 5: Load current waveforms mearsured by CT 
Left: no capacitor, Right: 349PF co-ax. Cables attached 

3 CONCLUSION 

Prototype power supply for the trapezoidal waveform 
PFL kicker magnet of 20kV Sl-thyristor switch has been 
successfully performed. Deterioration in current rise due 
to the inductance around load resistor and CT are 
improved by using the speed up capacitor. System has 
been operated under various cable impedance. 

In this prototype power supply, SI thyristors are 
covered by cylindrical cupper and it is hard for 
maintenaunce. Then, improved type power supply has 
just made in order to replace the broken Sl-thyristor 
easily and will be tested. 

Authours are going to aim the application for the J- 
PARC 50GeV abort kicker power supply with high 
speed diode to cut the reflection. 
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Abstract 
The RF transmitters for the 1-GeV Spallation Neutron 

Source (SNS) linear accelerator are powered by 15 
converter-modulator stations. Each converter-modulator 
provides pulses up to 11 MW peak power with a 1.1 MW 
average power to a multiple-klystron load. A low-voltage 
switching network, comprised of three sets of four IGBTs 
in an 'H-bridge' configuration, is used to generate the 20 
kHz drive waveform components for the three step-up 
transformer primaries. This setup brings the total number 
of 3300-volt semiconductor IGBTs operating within the 
accelerator at 180. When biased to operating voUages of 
1500 V or greater, all IGBTs are inherently sensitive to 
neutron interactions caused by background cosmic ray 
radiation. 

The project described used neutrons produced by 
proton spallation (with a similar spectrum as cosmic ray 
neutrons) to gain knowledge of failure mechanisms of the 
SNS IGBTs. These tests were performed using the highly 
accelerated neutron flux generated at the Weapons 
Neutron Research facility at the Los Alamos National 
Laboratory. 

The results of these experiments have shown the 
existence of a critical threshold voltage that lies within the 
operational range beyond which the IGBTs are no longer 
effective. This threshold varied with each brand of IGBT 
tested. Statistical failure times have also been projected 
for all brands of IGBT tested under normal biased 
operation with the SNS accelerator given natural neutron 
flux in Oak Ridge, TN. 

fflGH POWER IGBTS IN THE SNS 
ACCELERATOR 

The RF transmitters for the 1-GeV Spallation Neutron 
Source (SNS) linear accelerator are powered by 15 
converter-modulator stations. Each converter-modulator 
provides pulses up to 11 MW peak power with a 1.1 MW 
average power to a multiple-klystron load, as required for 
the acceleration of the beam. 

A low-voltage switching network, comprised of three 
sets of four Insulated-Gate Bipolar Transistors (IGBTs) in 
an 'H-bridge' configuration, is used to generate the 20 
kHz drive waveform components for the three step-up 
transformer primaries in each converter-modulator. This 
setup brings the total number of IGBTs operating at any 
time to 180. 

The operation of each of these IGBTs can be 
interrupted by random collisions with cosmic-ray- 
produced neutrons when subjected to the high electric 
field (collector-emitter voltages) required for their 
operation. Because of the H-Bridge design, conduction of 
one IGBT caused by random neutron interaction at the 
time the opposite IGBT is normally conducting will cause 
a direct discharge of all capacitor bank energy through 
both IGBTs, causing a disastrous failure, or a 'shoot- 
through' fault, as shown in Figure 1. 

'Supported by the US Department of Energy, Contract No. W-7405- 
ENG-36. 
"boro vina@lanl.gov 

Figure 1: Example of IGBT failure during recent 
acceptance tests. 

Any such interruption will take down the entire 
accelerator, causing costly down time for the entire 
facility. 

The converter-modulator is designed to not permit 
accidental turn-on of adjacent IGBTs. A random turn-on, 
however, caused by a high-energy cosmic neutron will not 
be detected. The current passing through each IGBT is 
also monitored, and the control system is designed to shut 
down all power and discharge the capacitor bank if an 
anomaly is detected.   However, because of its reactive 
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nature, this system will not protect the IGBTs, but merely 
avoid secondary damage. 

It was therefore imperative that the impact of random 
neutron interactions with various IGBT systems and a 
predicted failure behavior be studied in depth. 

COSMIC-RAY-INDUCED NEUTRONS 
AND HIGH-POWER SEMICONDUCTORS 

Solar and galactic cosmic rays collide with nuclei in 
Earth's upper atmosphere and create a shower of 
subatomic particles, including neutrons. A small 
percentage of these neutrons can penetrate the atmosphere 
and reach low altitudes, where they can interfere with 
operating semiconductor electronics. These effects are 
noticeable especially for miniature devices on one end 
and high-power semiconductors on the other. 

In high-power devices, such as the SNS IGBTs, a 
neutron interaction with the semiconductor material 
produces one or more charged particles, which are 
accelerated by the high electric field and create secondary 
charged particles, causing a particle avalanche which 
allows the device to draw large currents and be destroyed. 
The failure rate increases dramatically above a critical 
threshold voltage that is significantly lower than the rated 
voltage of the device. 

Weapons Neutron Research (WNR) Facility: The 
ICE House 

Because neutrons are produced at the WNR LANSCE 
Facility by the same basic process as in the atmosphere 
(proton spallation), the neutron spectrum is similar to the 
neutron spectrum produced by cosmic rays in the 
atmosphere, as shovra in Figure 2. 

Neutron flux 

Measured neutron flux at LANSCE 

Cosmic-ray neutron flux (multiplied by 10 

Integrated neutron flux above 1 MeV ~ 2.5 10^ n/cm^/sec 

Neutron Energy (MeV) 

Figure 2: A graphical comparison of cosmic neutron 
spectrum vs. LANSCE spallation-produced spectrum. 

Because ICE House beam intensity is approximately 
10* times greater than the flux at aircraft altitudes, one 
hour of testing is equivalent to over 100 years of natural 
flux testing. The neutron beam used for these 
experiments consists of 625-microsecond pulses at 100 
Hertz and covers an 8-cm diameter area, enough to 
shower an entire IGBT uniformly. Thanks to the design 
of the testing facility at WNR, all IGBTs tests were 

performed in air within easy reach of data acquisition 
equipment. 

TEST SETUP AND DATA ACQUISITION 
The objective of the experiment was to use neutrons 

produced by proton spallation (similar to the process 
taking place in the atmosphere by cosmic rays) to gain 
knowledge of failure mechanisms of the SNS IGBTs at a 
highly accelerated neutron flux. 

During the experiment, we monitored and recorded: 
• leakage current, collector-emitter voltage, heat sink 
temperature, neutron beam energy; 
• the time to failure for identical IGBTs at a full range 
of collector-emitter voltages; 
• the time to failure (single effect gate rupture) for 
different manufacturers' IGBTs subjected to different 
operational voltages; 
• current spikes as precursors to gate rupture, using 
current detectors and digital oscilloscopes. 
The IGBTs being tested were placed directly into the 

path of the neutron beam, and a voltage differential 
applied between the collector-emitter gap of up to 3000 V, 
simulating normal operation. All parameters and data 
were monitored continuously and stored into a hard disk 
for later reduction. 

The neutron flux was monitored using a thin fihn 
detector as well as directly by monitoring the neutron 
interactions inside the IGBT. Figure 3 displays a direct 
measurement of the neutron interaction inside the 
semiconductor (top trace) and signals from the monitoring 
chamber (bottom trace), which was used statistically to 
predict neutron density. 

Tek stop   [fi t- 
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3 0ct 2002 

15:38:23 

Figure 3: A direct measurement of neutron interactions 
inside the IGBT (top) and the detector chamber (bottom). 

When charges caused by one or more interactions were 
accelerated by the electric field, starting an avalanche, a 
noticeable drop in power supply voltage and a 
corresponding rise in current were observed, signaling the 
shorting of the IGBT and its final failure. In these 
experiments, the power supply was current limited, 
limiting the physical destruction of the IGBT, but at fliU 
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operational current, the damage created would closely 
resemble that pictured in Figure 1. 

The IGBTs tested were multiple elements of the 
following types: 

■ Dynex Semiconductor DIM1200ESM33-A000, 
- Mitsubishi CM1200HB-66H, 
■ EUPECFZ1200R33KF2, 
- EUPEC FZ 1200 R 33 KL2 and KL2 ENG. 

TEST RESULTS 
Failure curves were obtained for each device by 

monitoring the time to failure at increasing bias voltages. 
Multiple IGBT test subjects showed great consistency, 
providing a minimum failure voltage above which the 
field across the emitter-collector gap is large enough to 
accelerate randomly-created charges to avalanche speed, 
destroying the device. An example of one such failure 
curve is shown in Figure 4. These findings indicate that 
during operation above this threshold the IGBTs are 
susceptible to random cosmic neutron interactions. 

'£ 40 
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C/E Voltage (VoHs) 

Figure 4: A failure curve for one of the brands of IGBTs 
tested. 

Similar tests were performed while the IGBT cooling 
plate was artificially heated to normal operational 
temperature (60°C). No difference was observed in the 
resulting failure curve. 

Consistent failure curves were obtained for all types of 
IGBTs available, and specific thresholds were obtained 
for each, all within a bias voltage range of 1500 V to 
2300 V, well within their operational specifications. 

Lifetime Projections for SNS-Specific Operation 
Given the knowm neutron flux in the WNR beam, its 

ratio with the flux of natural cosmic-ray induced neutrons, 
and the average flux at the SNS site in Oak Ridge, 
Tennessee, lifetime predictions were obtained to assist in 
the maintenance procedures and expectations. 

When the converter-modulator capacitor banks are 
charged, the IGBTs are biased to full voltage and 
susceptible when not switching. Since regular IGBT 
operation for all SNS Converter-Modulators takes place 
at up to 1,200 V, there are no expectations of reliability 
problems, as long as the voltage stays below the knee of 
the curve. 

However, during a typical pulse, because of the H- 
bridge design for the IGBT switching network, each 
IGBT is biased to twice the voltage for periods of 25 
microseconds (or less), at 20 kHz, during each 1.3 ms 
SNS 60-Hz pulse. During regular, full-power (5-MW 
klystron) operation, the duty factor for exposure to 
potential neutron damage at 2400V is 3.9%. In other 
words, every 100 minutes of normal pulsed operation the 
IGBTs get 3.9 minutes of double-voltage exposure. 

From the data obtained in these experiments, lifetime 
expectancies of each IGBT during normal SNS pulsed 
operation ranged between 13 and over 2500 calendar 
days. This means that, with the best device tested, 
reliability calculations project that, due to the multiple 
converter-modulators having multiple IGBTs, a random 
failure is expected statistically about every 90 calendar 
days, unrelated to ageing of the devices or any other 
failure mechanisms. 

CONCLUSIONS 
The failure curve for the lifetime vs. voltage was 

established for each available IGBT. The failure rate 
increases very dramatically past a certain voltage within 
the operational range. 

It was established that the IGBT device least 
susceptible to cosmic-ray induced neutrons is the EUPEC 
KL2. Based on these results, SNS IGBT selection has 
already been changed to the KL2. 

Statistical lifetime projections for normal operations of 
the SNS accelerator were obtained, given no other failure 
modes. 

REFERENCE 
B. Takala, S. A. Wender, "Accelerated Neutron Testing 

of Semiconductor Devices", http://int.lanl.gov/orgs/nmt/ 
news/index.shtml. 
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Figure 1: Test #1 insulator and electrode configuration. 

ELECTRICAL BREAKDOWN STUDIES WITH MYCALEX INSULATORS* 

W. Waldron, W. Greenway, S. Eylon, E. Henestroza, S. Yu 
Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA 

Abstract 
Insulating materials  such as  alumina and glass- H 

bonded mica (Mycalex) are used in accelerator systems 
for high voltage feedthroughs, structural supports, and 
barriers between high voltage insulating oil and the 
vacuum beam pipe in induction accelerator cells. 
Electric fields in the triple points should be minimized 
to prevent voltage breakdown. Mechanical stress can 
compromise seals and result in oil contamination of the 
insulator surface. We have tested various insulator 
cleaning procedures including ultrasonic cleaning with 
a variety of aqueous-based detergents, and manual 
scrubbing with various detergents. Water sheeting 
tests were used to determine the initial results of the 
cleaning methods. Ultimately, voltage breakdown tests 
will be used to quantify the benefits of these cleaning 
procedures. 

INTRODUCTION 
Glued Mycalex insulators have been used in the 

induction cells and the injector column of the second 
axis of the Dual Axis Radiographic Hydrodynamic 
Test (DARHT) facility at Los Alamos National 
Laboratory [1,2]. Mycalex samples were tested in 
vacuum to determine the electrode geometry and the 
acceptable fields at the insulator triple points. The 
effect of oil contamination on voltage holding, and 
cleaning methods have also been considered. 

HOCKEYPUCK TESTS 

Test #1 
The pulser used for these tests was an RC discharge 

circuit with a time constant of 24 ms. In this 
configuration, the insulators were glued between 
"flowerpot" electrodes to lower the fields at the 
insulator triple points (Figure 1). For a peak test 
voltage of 90 kV, the peak field at the electrode is 125 
kV/cm (Figure 2). The observed voltage breakdowns 
around 90 kV were between the two electrodes (0.48" 
gap) and not along the insulator surface. The 
electrodes did condition to hold 90 kV. 

Figure 2: Test #1 electric field distribution with the 
arrow pointing to the highest field region. 

Test #2 
In this configuration, the insulators were glued 

between flat electrodes which created a uniform field 
of 30 kV/cm on the insulator surface for a 100 kV test 
voltage. The insulator held above 100 kV and there 
were no breakdowns. 

* This work has been performed under the auspices of the US 
DOE by UC-LBNL under contract DE-AC03-76SF00098. 

Test #3 
In this configuration, the insulators were glued 

between rectangular electrodes which hung over the 
insulator sample to create a triple point with a field of 
200 kV/cm for a 110 kV test voltage (Figure 3). This 
sample was tested to 110 kV without any voltage 
breakdowns. 
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Figure 3: Test #3 electric field distribution with the 
arrow pointing to the highest field region. 

Test m 
In this configuration, the insulators were glued 

between shaped electrodes which hung over the 
insulator sample to create a triple point with a field of 
110 kV/cm for a 40 kV test voltage (Figure 4). This 
sample broke down above 40 kV. 

Figure 4: Test #4 electric field distribution with the 
arrow pointing to the highest field region. 

CLEANING PROCEDURES 
A variety of cleaning methods were tested to remove 

Shell Diala AX transformer oil fi-om Mycalex 
insulators. An in situ approach was developed for 
large insulators which are part of an assembly and an 
approach involving the removal, cleaning, and 
replacement was developed for small removable 
insulators. Aqueous-based cleaners were chosen for 
their ease of use, safety, and effectiveness [3,4]. 

Manual In Situ Procedure 
Contaminated insulator samples were scrubbed for 

three minutes with clean 3M Scotchbrite maroon pads 

that were wetted with the detergent being tested. 
During three minute cleaning cycles, additional 
detergent was added to the pad as needed to maintain 
effectiveness. After 3 minute cleaning cycles, the 
samples were rinsed with 18 Mohm deionized water 
and checked for beading or sheeting on the surface. If 
beading was noted (oil still present on surface), the 
cycle was repeated until sheeting was present. 
Sheeting of the 18 Mohm deionized water was used as 
the main criteria for cleaning effectiveness. Fresh Best 
N-Dex Nitril gloves and Scotchbrite pads were used for 
each cleaning cycle to eliminate cross contamination. 
Pads were not dipped in detergent mix but were 
sprayed to eliminate cross contamination. Detergents 
were heated to approximately 135 degrees F for the 
cleaning cycle. The Wyndotte 909 detergent was more 
effective than the Metalube BlueGold detergent and the 
VWR Labtone detergent. On average, the Wyndotte 
909 detergent took three cleaning cycles compared to 
four cleaning cycles for the other detergents. 

Ultrasonic Cleaning Procedure 
The contaminated insulator samples were placed in a 

beaker with heated detergent and run for 15-30 minutes 
in the ultrasonic bath. After the cleaning cycle, the 
samples were removed with tongs and rinsed with 
deionized water and checked for sheeting. The cycle 
was repeated until sheeting was noted on sample. As 
before, the Wyndotte 909 detergent was more effective 
than the Metalube BlueGold detergent and the VWR 
Labtone detergent. On average, three cleaning cycles 
were required using the Wyndotte 909 detergent. 

FUTURE HIGH VOLTAGE TESTS 
Grade 400 Mycalex cylinders and cones have been 

purchased and will be tested for voltage breakdown 
after the various cleaning procedures have been 
performed. The cylinders have a 1" diameter and are 
1" tall. The cones are 1" tall and have a 3.75" diameter 
on one end and 0.6" diameter on the other end. The 
surface of the cone is at a 30 degree angle. Cylinders 
and cones will be tested to quantify the "angle effect" 
on voltage holding. Using a 50 ohm thyratron- 
switched pulse forming network into a 1:8 step-up 
transformer with a matched resistive load, high voltage 
testing will be done to quantify the benefits of the 
various cleaning procedures. The maximum test 
voltage is 160 kV for a 700 ns pulse (FWHM) (Figure 
5). 160 kV will produce peak fields of 63 kV/cm on 
the cylindrical sample and 260 kV/cm on the conical 
sample. Voltage flashovers across the insulator surface 
will be detected using the voltage waveforms and the 
vacuum gauge. 
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Figure 5: Output voltage for breakdown tests. 

These insulators will be contaminated with Shell 
Diala AX transformer oil and will be cleaned using the 
various procedures. The insulators will then be glued 
to stainless steel disks using Hysol EA 9359.3 epoxy. 
By gluing the insulators to these "disposable" disks 
which insert into the high voltage electrodes, the need 
to polish the large electrodes between insulator tests 
will be eliminated (Figures 6 and 7). This 
configuration also tests the performance of insulator 
glue lines. 

Figure 7: Mycalex cylinder between test electrodes. 

CONCLUSION 
In the most successful geometries, the Mycalex 

hockeypuck insulators achieved between 110 kV/cm 
and 200 kV/cm fields at the insulator triple points 
without voltage breakdown. These numbers were 
unexpectedly high and may not hold when tested for 
better statistics. Both manual and ultrasonic insulator 
cleaning procedures after oil contamination were 
established. Wyndotte 909 detergent was the most 
effective per the sheeting tests. Future high voltage 
breakdown tests will quantify the electrical benefits of 
the various cleaning methods. 

REFERENCES 
[1]C. Ekdahl et al., "DARHT II Commissioning 

Results", proceedings from this conference. 
[2] Mycalex is the trade name for glass-bonded mica 

made by Spaulding Composites Co. 
[3] J. Shoemaker et al., LLNL report UCRL-ID-115831 

(1994). 
[4] J. Geurtin, internal LBNL document (1994). 

Figure 6: Mycalex cone glued to "disposable" stainless 
steel disks. 
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A CRITICAL ANALYSIS OF IGBT GEOMETRIES, WITH THE 
INTENTION OF MITIGATING UNDESIRABLE DESTRUCTION CAUSED 

BY FAULT SCENARIOS OF AN ADVERSE NATURE* 

G. E. Leyh, SLAC, Menlo Park CA 94304 leyh@slac.stanford.edu 

Abstract 
Megawatt class Insulated Gate Bipolar Transistors 

[IGBTs] find many uses in industrial applications such as 
traction drives, induction heating and power factor 
correction. At present, these devices are not optimized for 
higher speed pulsed-power applications, such as kicker 
magnets or klystron modulators. 

This paper identifies fundamental issues that limit the 
dl/dt performance of standard commercial packages, and 
investigates several IGBT design optimizations that 
significantly improve high-speed performance at high 
peak power levels. 

The paper presents design concepts, results of 
electromagnetic simulations, and performance data of 
actual prototypes under high dl/dt conditions. 

INTRODUCTION 
The prototype 8-Pack modulator for the Next Linear 

Collider employs an array of commercial 3.3kV IGBT's 
[Mfi- 'A'] for the primary drive stages. Early prototype 
testing has shovra that these IGBTs are susceptible to 
damage from hard arcs in the 500kV output circuit. A 
number of failed IGBT's were carefully dissected and 
analyzed, in order to determine the mechanisms of failure. 

Datasheet specifications for the Mfi- 'A' IGBT: 

VcEs 3300V 
Ic 800A 
Ic [ImS] 1600A 
Isc [lOuS] 4000A [at 15V VGEI 
VcEsat(800A] 3.40V 

Measurements have shown that peak IGBT currents can 
exceed 15kA during an arc, with risetimes greater than 
lOkA/uS. Ideally, the IGBT is supposed to come out of 
saturation around 4000A (with 15V gate drive) and self- 
limit its fault current to somewhere around that level. 

ANALYSIS OF THE IGBT GEOMETRY 
In order to cleanly open the failed units for inspection, 

an arbor press was used to separate the outer casing fi-om 
the internal IGBT structure, using a machined support 
fixture to preserve the internal die substrate and the 
busbars of the IGBT. 

The Mfi- 'A' IGBT design employs 16 total IGBT dies 
and 8 anti-parallel diodes. Figure 1 shows the placements 
of the dies. Four separate 'rafts' carry 4 IGBT dies and 2 
diode dies each.  Positions indicated by lA - 4D are the 

IGBT dies, and the 8 blank squares show the anti-parallel 
diode locations. The emitter and collector busbars 
connect to the 4 die rafts at points marked by 'E' and 'C 
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Figure 1: Internal Layout of the Mfi 'A' IGBT. 

The points of failure on the actual dies are readily 
observable. In several cases the entire die is fi-agmented 
and blown clear of the pad. The failed die positions are 
summarized in Table 1 below, for six failed units: 

Table 1: Damage Summary 

Die Position # Of Observed Failures 
IC 5 
2C 4 
3A 2 
4C 2 

Wor   supported by the U.S. Department of Energy under contract 
DE-AC03-76SF00515. SLAC-PUBS-9802 

Several patterns are readily apparent in the die failures: 

• Dies tend to fail closest to the Emitter terminal. 

• Dies tend to fail on the lower half of the raft. 

• Dies tend to fail in the upper half of the IGBT. 

It is also important to note that on every damaged die 
found, the point of failure was located in the half of the 
die closest to the emitter busbar. 

Each of these four tendencies has the potential for 
reducing the available silicon by up to 50% during a 
fault. The aggregate reduction of available silicon from 
all four effects could therefore be as high as 87.5%. Such 
an acute constriction of the IGBT's active silicon area 
would in effect violate the Short Circuit Safe Operating 
Area by many times during a fault. 
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EM CURRENT DENSITY SIMULATIONS 
Figure 2 shows two EM simulations, with current 

density profiles for the Mfr 'A' and Mfr 'B' internal IGBT 
bonding wires and busbars during fast dl/dt conditions. 
The conductivity of copper is assigned to all conductors. 
A thin red rectangle around a conductor path indicates 
where the specified dl/dt is injected. Only half of each 
complete IGBT module is modeled here, since each 
module uses two identical sections. The typical matrix 
computation time for each simulation was approximately 
4 hours. 

The 8 IGBT dies shown in the Mfi- 'A' IGBT have 
emitter-bonding wires daisy-chained across them, towards 
the busbars at the center. The hot spots of calculated 
current density seen on the bonding wires appear to 
correlate well with the observed damage locations 
outlined in Table 1 and Figure 1. The simulation also 
predicts that the portions of the dies closest to the emitter 
busbars carry the greatest load, by a wide margin. 
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The centralized emitter plate and the long bonding 
wires of the Mfi- 'B' IGBT greatly enhance its current 
uniformity, as seen in the simulation. Unfortunately this 
particular IGBT employs a PT silicon technology with a 
long turn-off tail ~ too slow for the NLC application. 

A number of design ideas naturally flow from these 
results. One is a radially symmetric geometry, with a low 
inductance buswork. Figure 3 shows the simulated 
performance of this design. Note that the range of current 
densities in the bonding wires is less than a factor of two. 
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Figure 3: Radial IGBT current density patterns. 

Another design concept, though not quite as optimized 
as the radial approach, is the rectilinear arrangement 
shown in Figure 4. This design has the advantage of 
improved manufacturability, and compatibility with 
existing IGBT module footprints. As can be seen, the loss 
of current sharing performance is minimal. The large blue 
rectangle in the center is a central emitter summing plate. 
The green bar represents a parallel plate feed line. 

MAXWELL 3D POST PROCESSING 
RECTILINEAR 5.2 RAFT ASSEMBLY 

G. LEYH  21AUG02 

dl/dt = 9263A/US 

J|A/rn'2|                1 

B -i.eG30*lC06 

4.32004(006 
-i. nsin^+pfin 
3.S430*(C-06 

ESffi ,1. rf.-lOfi^-Cnt-, 
3.3d30=l00c 
1. i2:>n«tcftn 

» J   8i-J0-4-CU6 
3 ranfi-tn. 
J   ■Ji.jO^fCJo 

Figure 2: IGBT Mfr 'A' and 'B' current density patterns.       Figure 4: Radial IGBT current density patterns. 
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PROTOTYPE DESIGN 
To evaluate real-world performance parameters, SLAC 

produced a number of IGBT module prototypes based on 
the rectilinear concept, using both 3.3kV and 6.5kV IGBT 
dies provided by Mfr 'A'. The mechanical design of the 
die substrates, buswork and packaging was performed in- 
house, based on the simulation results. Figure 5 shows an 
exploded isometric view of the prototype IGBT module. 

Figure 5: Rectilinear Prototype IGBT assembly. 

This design features a number of optimizations for 
surviving high dl/dt fault events. The emitter bonding 
wires leave the dies to each side symmetrically and 
terminate at a single point, minimizing voUage gradients 
across the die. The large emitter summing plate (green) 
equalizes the emitter branch inductances. Singular main 
terminals for the emitter and collector minimize the 
effects of external circuit current paths on the internal 
distribution of currents. High-speed active clamp 
circuitry located at each raft stabilizes the gate vohages 
against the Miller capacitance during a severe fault. 

PROTOTYPE EVALUATION 
The test fixture for evaluating IGBT fault performance 

utilizes a large tape-wound magnetic core with a single 
turn winding as the test load. A secondary winding 
attached to a resistive load sets the nominal output pulse 
current. The core is biased to saturate at some point 
during the output pulse, thereby producing a near short- 
circuit condition. 

Figure 6 shows the response waveforms for the Mfr 'A' 
IGBT. The steep rise in current [green] marks the onset of 
core sattiration, about 3uS into the pulse. The IGBT 
should self-limit to about 2000A at this gate drive level, 
but internal effects such as the unbalanced emitter bus 
inductances and the current pinch effects mentioned 
earlier force the internal gate voltages to vary widely, 
resulting in a very non-uniform response of each internal 
die to the fault currents. 

SJTIIHS;  5 GDIVS SOOKSEC StmuJflfilgBtedri^erw/OCl^Msed ; 

Figure 6: Fault waveforms for the Mfr 'A' IGBT. 

Figure 7: Fault waveforms for the SLAC Prototype IGBT. 

Figure 7 shows the prototype IGBT operating at 
roughly the same Vce and output current. The core 
saturates around 4uS, as can be seen by the rapid rise in 
Vce [red]. As the impedance of the load approaches a 
short circuit, the IGBT current flattens around 1800A and 
Vce approaches the bus voltage. The current overshoot is 
minimal, owing to the more even current distribution in 
the emitter buswork and the placement of active gate 
clamping circuits directly at each of the four internal rafts. 
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FAST-FERRITE TUNER OPERATION ON A 352-MHZ SINGLE-CELL 
RF CAVITY AT THE ADVANCED PHOTON SOURCE* 

D. Horan, E. Cherbak 
Argonne National Laboratory, Argonne, IL 60439 

Abstract 
A 352-MHz fast-ferrite tuner, manufactured by 

Advanced Ferrite Technology, was tested on a single-cell 
rf cavity at the Advanced Photon Source. Low-power rf 
testing was performed on the tuner-cavity combination to 
evaluate tuning range, bandwidth, stability, and 
compatibility with existing Advanced Photon Source low- 
level rf hardware. The test system comprises a single-cell 
copper rf cavity, a bipolar DC bias supply for the ferrite 
tuner, a water flow and temperature metering and 
interlock system, and a low-level rf cavity tuning loop 
consisting of an rf phase detector and a PID amplifier. 
Test data will be presented. 

INTRODUCTION 
A 350-MHz fast-ferrite tuner, manufactured by 

Advanced Ferrite Technology, was purchased by the 
Advanced Photon Source (APS) RF Group in 1996 for 
evaluation as an rf cavity tuning device. Several potential 
applications for this tuner were considered, based on the 
fast tuning speed that such a device could deliver. Two of 
the main applications involved using the fast tuner in 
conjunction with a standard motor-driven piston tuner, 
thereby gaining the following advantages: [1] eliminating 
unnecessary rapid motion of the mechanical tuner, 
reducing the wear on mechanical tuner components and 
improving their operational lifetime, and [2] providing 
compensation for fast beam-loading effects. Operational 
experience with the APS rf systems has shown that both 
advantages factor more in the operation of the 7-GeV 
booster synchrotron 5-cell cavities than in the case of the 
storage ring single-cell cavities. Software controls were 
implemented in the mechanical tuner drive systems to 
eliminate unnecessary motion over the synchrotron ramp, 
but severe beam loading at injection is still a performance 
issue with the APS booster synchrotron. Improving 
control of cavity phase during the injection period would 
enhance capture and injection efficiency [1]. A fast- 
ferrite tuning device could be used in conjunction with the 
existing mechanical piston tuners to glean both 
advantages. 

The ferrite tuner internal design consists of a ferrite- 
loaded, short-circuited coaxial transmission line, where 
the electrical length of the tuner is controlled by the 
amount of magnetic bias field impressed on the ferrite 
material. This bias field is generated by a combination of 
permanent and electromagnetic sources, with the 
electromagnetic bias coils consisting of parallel AC and 

DC paths. The tuner has a power handling capability of 
150 kilowatts, and full tuning range can be achieved by 
varying bias current over a range of ±100 amperes. 

LOW-POWER RF TEST 
CONFIGURATION 

The ferrite tuner test setup is shown in Figures 1 and 2. 
A 352-MHz, single-cell, copper cavity, identical to 
cavities used in the APS storage ring, was fitted with a 
conventional mechanical piston tuner (manually adjusted 
for coarse tuning adjustments) and two one-turn coupling 
loops. One loop is used to couple incident power to the 
cavity and is adjusted for best match into 50 fi (Zo). The 
other loop couples the ferrite tuner to the cavity and is 
adjusted to be perpendicular to the cavity fundamental 
mode magnetic field to achieve maximum coupling. Both 
coupling loops are identical to those used in the APS 
storage ring, designed to form immediate transitions to a 
WR2300-half-height waveguide. Waveguide-to-N-type 
coaxial transitions are used on both cavity coupling loop 
waveguide flanges to allow a coaxial connection to 
incident power and the ferrite tuner. For high-power rf 
applications, the rf connection to the ferrite tuner is made 
utilizing 6-1/8" coaxial line (see Fig. 1). However, to 
facilitate low-power rf testing, the opposite end of the 
directional coupler was fitted with a 6-l/8"-to-N-type 
transition to allow for a manual coaxial phase shifter to be 
installed between the timer and the cavity (see Fig. 2). 

Figure 1: Photo of test setup. 
* This work is supported by the U.S. Department of Energy, Office of 
Basic Energy Sciences, under Contract No. W-31-109-ENG-38. 

0-7803-7738-9/03/$17.00 © 2003 IEEE 1177 



Proceedings of the 2003 Particle Accelerator Conference 

Figure 2: Schematic of test setup. 

The test setup low-level rf system utilizes standard 
VXI-based rf components, identical to those used in the 
APS 350-MHz rf systems. An analog rf phase detector 
and PID amplifier are used to form a tuning loop across 
the cavity to maintain a constant phase relationship 
between the cavity forward power and field probe output. 
The output of the PID amplifier is used as the input 
control signal for the ferrite tuner bias supply. A 100-W, 
350-MHz rf amplifier is used to develop sufficient input 
power for the cavity. The ferrite tuner bias current is 
generated using a model 232P power amplifier 
manufactured by Copley Controls Corporation, which can 
deliver ±120 amperes continuous output current and has a 
3-dB bandwidth in current mode of 5 kHz. The power 
amplifier is supplied raw DC power firom a regulated DC 
power supply capable of 100 amperes @ 150 vohs DC. 
An rf and DC interlock system, necessary for high-power 
rf operation, is used to protect the tuner against rf arcing, 
insufficient cooling water flow, insufficient cooling air 
flow, and excessive return water temperature. 

TEST RESULTS 
The first test involved using a control system analyzer 

to measure the ferrite tuner relative rf phase shift while 
modulating the tuner bias current with a frequency-swept 
sinusoid stimulus signal, without the tuner being 
connected to the cavity. For this test, a 100-W, 350-MHz 
power amplifier was used to drive the tuner rf input at 
approximately 50 watts. The relative amount of rf phase 
shift generated by the timer was detected using a resistive 
splitter to combine the forward and reflected signals from 
a directional coupler in-line with the tuner input, then 
peak-detecting the output of the splitter. The ferrite hiner 
bias supply was operated with a raw DC input of 90 volts, 
and the bias current was sine-modulated by the control 
system analyzer from 100 Hz to 10 kHz for the swept- 
frequency measiu-ement. The sinusoidal stimulus signal 
amplitude for the test was 1.75 volts peak, an amplitude 
which produced ±50 A peak of tuner current when applied 
to the bias supply input under DC conditions, ±1.75 V. 
The results of this test are shovra in Fig. 3. The upper 
trace (channel 1 input) is the tuner bias current, and the 
lower trace (channel 2 input) is the resulting rf phase shift 

generated by the tuner. These tests indicate that the tuner 
phase shift fi-equency response is being limited to some 
degree by the slew rate of the bias supply, as the 
inductance of the tuner bias windings is approximately 
400 nH @ 1 kHz. The same measurement sweeping firom 
10 Hz to 100 Hz was flat to within 1 dB on both traces. 

A: CHI Lin Spec          XrlOO Hz YM1.2fiedBVhn8 
2 1 

dBVrnis   
-■-■ ■■ ~ 1 

) 
dBUaa i  -- 

if  N 
dB   i 

..TTT ""■■^-K-^ -1  
-M ■^ ■^ ^ 

mfma\ ,   1,... 
100Hz 

B:CH2Un8Me          X100 Hz 

LJ 1.-...-.1 LlJ.. 
Yl-54.661 dBVhns 

! [ 
VditHz 

-52 i 

-^s-- - - •■■ 

i 

dBMag ---^vv,..^ t— 
3 

dB 
>^ 

■^-^    " 
... - 

^ 

-82 

Figure 3: Phase shift and current response plots. The 
upper trace is tuner bias current, and the lower trace is 
relative rf phase shift. 

Tuning tests with the single-cell cavity were conducted 
after determining the optimum electrical length between 
the ferrite tuner and the cavity, which resulted in a cavity 
tuning range of approximately 25 kHz. This range was 
necessary to allow the ferrite tuner to operate alone in 
maintaining cavity resonance during the low-power tests. 
A manual phase shifter with approximately 310 degrees 
of range at 351 MHz was used in this adjustment, and the 
system was set for best compromise between overall 
tuning range and effect on the cavity input coupler match. 
This resulted in a variation of loaded cavity Q from 
approximately 16,000 to 18,000 at tuner bias currents of 
+100A and -100A respectively, apparently caused by 
cable losses in the manual phase shifter assembly. The 
PID amplifier was adjusted for a proportional gain of 4, 
with integral and derivative values both set at minimum. 
The tuner bias raw DC power supply was 100 volts DC. 
This arrangement was maintained for all further low- 
power rf tests. 

Figure 4 shows the result of a closed-loop frequency- 
response test of the cavity tuning loop configuration using 
the ferrite tuner to shift the cavity phase. A frequency- 
swept sinusoid loop stimulus signal of 1 volt peak was 
used, an amplitude which produced ±30 A of tuner current 
when applied to the bias supply input under DC 
conditions, ±1 volt. The sinusoid stimulus signal was 
mixed with the tuning loop PID amplifier output using an 
isolation amplifier, and was also applied to the channel 1 
input of the control system analyzer as the measurement 
reference. Figure 5 indicates the tuner response to a step- 
change in the cavity tuning loop setpoint. The scope 
traces shown are tuning loop signals, from top to bottom, 
setpoint voltage (trace #1), phase detector output (trace 
#2), PID amplifier output (trace #3), and ferrite tuner 
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current (trace #4, 100 A/div). The horizontal time base is 
2 ms/division. It can be seen that the cavity reached a 
tuned condition at the new setpoint value in 
approximately 6 ms, with the tuner current changing from 
approximately -85 A to +10 A. The FID amplifier output 
momentarily clipped at the positive rail during this period 
due to the slew-rate limitations of the bias power supply. 
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Figure 5: Scope trace of loop setpoint step-change 
response. Top to bottom, the traces are tuning loop 
setpoint voltage (#1), loop rf phase detector output (#2), 
loop FID amplifier output (#3, 5 V/div), and tuner bias 
current (#4, lOOA/div). The horizontal time base is 
2 ms/div. 

CONCLUSION 
The fast-ferrite tuner proved to be effective in tuning a 

350-MHz, single-cell rf cavity. It provided much- 
improved tuning speed over the standard mechanical tuner 
and was easy to implement in a tuning loop made up of 
existing APS low-level and high-level rf hardware. The 

tuner demonstrated the bandwidth necessary to be 
effective in reducing mechanical tuner motion and 
tracking relatively fast beam loading phase effects in the 
booster synchrotron. However, for best results in a 
practical application, the ferrite tuner should be used in 
conjunction with a standard mechanical piston tuner to 
maintain cavity resonance under all operating conditions. 
In such an arrangement, the mechanical tuner would be 
used to compensate for slow cavity effects, such as beam 
loading and temperature changes, while the ferrite tuner 
could compensate for faster phase distortions. In this 
way, the ferrite tuner coupling to the cavity could be 
optimized for a more narrow tuning range. Measurements 
also indicate that using 6-1/8" rigid coax to connect the 
tuner to the cavity resulted in less degradation of cavity Q, 
with loaded Q values of 22,063 and 22,263 at tuner bias 
currents of+100A and -lOOA, respectively. 

Optimizing transmission line length between the ferrite 
tuner and the cavity for this compromise could be made 
more practical by the addition of a mechanical phase 
shifter capable of full-power operation. Such a 
configuration is being considered for future high-power rf 
tests on this tuner, as space restrictions inside the APS rf 
test stand bunker severely resbict adjustments in 
transmission line length. 

FUTURE PLANS 
Further low-power rf tests are planned to study the 

effects of optimum transmission line length between the 
ferrite tuner and the test cavity. The ferrite tuner 
assembly will then be installed on a 350-MHz, single-cell 
test cavity in the APS rf test stand, where it will be tested 
at power levels up to 150 kW CW. Possible fiirther high- 
power rf tests of the ferrite tuner on a 350-MHz, 5-cell 
cavity is being considered for booster synchrotron 
applications. This work is tentatively scheduled for the 
summer of 2003. 
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MECHANISMS LIMITING HIGH GRADIENT RF CAVITIES 

J. Norem*, A. Hassanein, I Konkashbaev, ANL, Argonne IL 60439 USA 

Abstract 
The specific mechanisms responsible for breakdown of rf 
cavities have been widely debated. A large number of 
different processes are thought to be involved, including 
field emission, surface contamination, mechanical 
stresses, plasma effects, explosive electron emission, a 
variety of heating mechanisms, mechanical imperfections, 
surface structure and chemical composition. We are 
attempting to model the surface effects that limit the 
operation of high gradient rf cavities using the HEIGHTS 
package. Models of individual processes are being 
developed and compared, in an attempt to evaluate the 
relative importance of these effects, specifically for the 
case of low fiequency (200 - 800 MHz.) copper cavities, 
but probably applicable to other materials and frequencies. 

INTRODUCTION 
Although breakdown has been studied for many years, 

the problem seems to be complex and have many causes. 
In analyzing the data from experiments done by the Muon 
collaboration in Lab G, we have found that the dark 
current spectrum can give useful information on the field 
emitters, and these field emitters can likewise provide 
useful information on the sources of breakdown. We have 
begun to model breakdown mechanisms with the ultimate 
aim of producing predictions that can be compared with 
experimental measurements. 

BREAKDOWN MODELS 
An enormous amount of data has been collected on rf 

and dc breakdown over the past century. This work has 
been summarized in a number of books and papers[l, 2, 
3]. The basic mechanism, described by Dyke and Trolan, 
who used "lightning rod" shaped probes against ground 
planes, is that high current densities heat up probe tips 
and evaporation and ionization then produce breakdown[4]. 
Additional detail in this model was supplied by Knobloch, 
who modeled the formation of plasma and the ionization 
and heating of the surface by the plasma in a high electric 
field[5]. 

A number of sources of field emission have been 
discovered. Ehist, inclusions, debris from past breakdown 
events, voids, grain edges, and distortions of the surface 
have been seen and identified as possible emission sites. 
Dust, which is composed of silicon and aluminum oxide, 
is difficult to completely eliminate from most surfaces. 
Voids, grain edges and distortions are to some extent the 

byproduct of the cleaning and annealing process and are 
being actively studied. In addition the surface of most 
metals is covered with an oxide layer. The behavior of the 
oxide layer in an electric field can be complex. Oxides, 
while normally good insulators, can form conducting 
paths when exposed to electric fields, and these conducting 
paths remain after the removal of the electric field[6]. 

In addition, grain edges and inclusions are found to be 
the sites of breakdown events, possibly because they 
contain foreign material and structures. Arcing is seen to 
take place preferentially at grain boundaries. 

While the causes of breakdown events are studied 
extensively, any breakdown model must explain how very 
low breakdown rates can exist. Many old linacs with 
large areas of very damaged copper structures, such as the 
50 MeV IPNS system, seem to operate at accelerating 
gradients where they produce some dark currents and x 
rays, but do not break down at a significant rate. There is 
evidence, however, that breakdown rates and dark current 
production are related[7]. An example of this is shown in 
Fig. I. 

norem@anl.gov 
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Fig 1. Sparking vs. Field Emission 

TENSILE STRESS 
Much of this work was heavily influenced by 

measurements made on 805 MHz open and closed cell 
copper cavities in Lab G of Fermilab for the Muon 
Collaboration[8][9]. 

This work seemed to indicate that the mechanism for 
breakdown was related to the tensile stress exerted by the 
electric fields, and the tensile strength of the wall material. 

The basic argument is: 1) field emission describes 
emitter properties, and 2) the properties we infer are very 
close to mechanical failure of the structure. We assume 
that dark currents we see produced in the cavity are the 
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result of field emission as described by the Fowler 
Nordheim (FN) expression. We denote this current 
density by iff^(E), where E is the local electric field. 

Measured dark currents as a function of electric field can 
then provide rough estimates of the emitter area and the 
enhancement factors required to produce the 5 - 10 GV/m 
gradients required by the FN parameterization of field 
emission. The argument is shown in Fig. 2, which 
relates measured dark current production with the FN 
parameterization. There are basically two variables, the 
emitter area and the enhancement factors that can be 
determined from the data. There is a small correction 
(-0.1) that converts rf field emission values to dc field 
emission . 

10 

10* 

F= in 
^ in* 
■— 10-' >. in" 
c in' 

■o 100 

P 10 
t^ 1 
u 0.1 

0.01 
< 10-^ 
•^ 10-" 

10-5 
in-« i 

U 10-' 
10-* 

io-« 
10-10 

Iff" 
Iff'^ 
10-13 

io->" 

a:£^^^    Oocally) 

A 
Slope = n 

P=184 
emitter sharpness 

^m^^tot^acc^ 

Accelerating Field 
in Cavity 

O 

'J^^ 

j Local Field 
I at Emitter 

10 100 1000 

Field (MV/m) 

10,000      100,000 

Fig 2. Dark currents and the Fowler-Nordheim model. 

The local electric fields inferred from this analysis are 
very large. These fields are associated with process are 
very large and the stresses associated with the fields, 
p = 0.5£o£'^, where E is the electric field and £o is the 

capacitance of fi-ee space, are also very large. This is 
shown in Fig. 3, for copper. As the field inferred from the 
dark current measurements increases towards 8-10 GV/m, 
the associated tensile stresses approach 40,000 - 50,000 
Ib/in^, which is the tensile strength of hardened copper. 

We assume an initial failure of the structure, perhaps on 
the edge of a crater on a protrusion, might look something 
like Fig. 4. Such a fragmentation of a crystalline sample 
would tend to leave sharper comers that could then produce 
further fragmentation as shown in Fig. 5. We have begun 
numerical   simulation   of   these   processes   using   the 

HEIGHTS package[9]. The HEIGHTS package was 
originally developed for studying plasma-wall interactions 
in the fusion program, and has been extended to consider a 
large number of problems where materials are subjected to 
exotic environments. 
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Figure 4. Initial breakup of a copper surface. 

Figure 5. Destruction of surface layer. 
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Copper grains can be heated ohmically by dark current 
beams within the structure, or by ionization heating from 
accelerated dark current beams when the copper grains have 
detached from the structure. When the grains are coupled 
to the wall, ohmic heating power increases the 
temperature. This power is equal to IV, where / is the 
dark current and V the resistive voltage drop across the 
grain. On the other hand, when the grains are detached 
from the wall the absorbed power, IV, can be much larger, 
since the relevant voltage in now the accelerating voltage 
seen by accelerated electrons, V=Edz with an electric field 
E and separation dz. This energy, can be many orders of 
magnimde larger than the ohmic power. Since the grains 
have lost thermal contact with the wall there will also be 
no conduction losses. Thus detached grains in space can 
be heated much faster than grains coupled to the wall. 
Modeling is underway to determine the rates at which all 
these processes can occur in real systems to compare with 
experimental data. 

It is also useful to look at the limits of this mechanism 
in detail to determine how much of the observed behavior 
is compatible with this mechanism. On the other hand, 
there are many phenomena that are not obviously 
explained by the field induced stress on the surface. These 
include breakdown at inclusions and grain boimdaries, 
repetitive breakdown at similar field conditions and wall 
damage due to high currents. It is not clear how widely 
this mechanism applies. 

MODELING 
Although we are just beginning, we have some initial 

results on the size limit for grains, frequency dependence 
of breakdown the motion of electrons in the cavity and 

the effects of secondary emission. We intend to expand 
this effort and look at the time development of the 
breakup, ionization and rf breakdown process in the 
coming months. 
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DARK CURRENT AND X RAY MEASUREMENTS 
OF AN 805 MHZ PILLBOX CAVITY 

J. Norem*, ANL, Argonne II60439 USA 
P. Gruber, CERN, Geneva, Switzerland 

A. Brass, S. Geer, A. Moretti, Z Qian, FNAL, Batavia IL 60510 USA 
D. M. Kaplan, Y. Torun, IIT, Chicago IL 60616 USA, 

R. Rimmer, Jefferson Laboratory, Newport News VA 23606 USA 
Derun Li, M. Zisman, LBNL, Berkeley CA 94720 USA 

Abstract 
The muon cooling systems proposed for neutrino factories 
require low frequency (201 MHz) RF cavities with Be 
windows, at high gradient (E,,, ~ 16 MV/m), in strong 
solenoidal magnetic field (~ 5 T). For the proposed Muon 
lonization Cooling Experiment (MICE) [1], an 
experimental demonstration of cooling, we have an 
additional constraint that we must operate sensitive 
particle detectors very close to the RF cavities, which 
produce backgrounds from dark currents and x rays. To 
understand the processes involved in cavity conditioning 
and operation near particle detectors, we have constructed a 
test facility at Lab G of Fermilab, where a 5 Tesla 
superconducting solenoid, a 14 MW peak power klystron 
and a pillbox test cavity at 805 MHz are available. We 
present measurements of dark currents, x rays and surface 
structure fi-om the pillbox cavity, with both copper and 
beryllium endplates, and discuss the interaction between 
surface structure and radiation backgrounds pixxiuced. 

INTRODUCTION 
Muon cooling systems are necessary for both muon 

colliders and muon based neutrino beams. While 
extensive modeling has been done on the design of these 
systems, the experimental program to study how well the 
components will operate is just beginning. This paper 
reports results from tests of an 805 MHz prototype rf 
cavity for a cooling channel. 

Muon cooling systems consist of alternating liquid 
hydrogen absorbers and rf cavities. Since multiple 
scattering tends to heat rather than cool the beam, and 
muon beams do not interact strongly with matter, we have 
assumed that the rf cavities could use windows of 
beryllium, which produces a higher accelerating field for a 
given surface field. In order to test how cavities of this 
type would operate, we have constructed an 805 MHz 
pillbox cavity with removable end windows in which Be 
and other materials can be tested. The cavity is basically a 
cylinder, powered through an arc shaped slot near the outer 
radius. There is an inner pair of windows that defines the 
rf properties of the system and an outer pair of windows 
that maintains the vacuum. A variety of windows have 
been used on the cavity. 

* norem@anl.gov 

We are looking at a number of issues. We want the 
maximum gradient we can obtain in these cavities, 
particularly with Be windows, and the minimum flux of 
dark current electrons and x-rays that can be produced. We 
are also interested in how Be windows perform and in 
information on how 201 MHz cavities will operate with 
real beams. 

DESCRIPTION 
The cavity is shown in Figure 1. The parameters of the 

different windows are given in the following table and in 
ref[2]. 
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Figure 1. The pillbox cavity. 

Window configurations are shown in the table below: 

Rf window Cu Cu Be 
Thickness 0.200" 0.015" 0.01" 

(g/cm^) 4.55 0.342 0.045 
Vacuum window        SS Ti Ti 

Thickness, (g/cm^) 15 0.091 0.091 
EyVp„,,    (MV/mA')1.49 1.28 1.16 
Max. grad. (MV/m)    34 23 16 
Esurf/Eacc 1.01 1.01 1.01 

0-7803-773 8-9/03/S 17.00 © 2003 IEEE 1183 



Proceedings of the 2003 Particle Accelerator Conference 

Timeline 

The timeline for experiments with the closed cell cavity is 
given below. The cavity was first operated with thick rf 
and vacuum windows. The rf components were replaced 
with thin copper, then Be windows. 

1/4/02     Open Cell cavity removed from the Magnet 
3/13/02   Begin conditioning with thick Cu plates 

Eventual operation at 34 MV/m, little sparking 
7/16/02   Removal of thick Cu plates, little damage 

7/30/02   Conditioning with thin Cu plates to 24 MV/m 
9/27/02   Operation in B Field, high BG, E„,,=16 MV/m 

Improvements from conditioning with B=0 
12/5/02   Removal of thin plates, considerable pitting 

12/19/02 Conditioning of TiN/Be windows to 21 MV/m 
2/10/03   Begin conditioning with B field 

Conditioning to 17 MV/m, stable at 14 MV/m 
4/22/03   Replacement of Be windows 

EXPERIMENTAL RESULTS 

The experimental program has been defined by the 
particular plates which were installed in this cavity and 
the electric and magnetic fields used. Conditioning 
periods with a new surface averaged about a month. 

Copper and Be Windows 
With copper windows we were able to reach 34 MV/m 

acceleration gradient without a solenoidal field, with very 
low x-ray, dark current and sparking rates, indicating that 
the cavity could easily have operated at higher field. Both 
thick and thin copper plates operated similarly. 

When a magnetic field was applied, dark currents, x-ray 
and sparking rates increased. Fig. 2 shows the measured 
dark current before the magnet was tumed on (bottom 
band), after the magnet was tumed on (top band) and after 
the magnet was tumed off (middle band). These results 
seem to show that some permanent damage was produced 
on the windows of the cavity that did not immediately 
condition away. On the other hand, more extensive 
conditioning over a one month period with no magnetic 
field was able to reduce the fluxes of dark currents and 
electrons to levels seen before the magnetic field was 
applied. 

The Be windows were fabricated by Brush-Wellman. A 
thin Be foil was supported by a ring of Be. The ring 
applied a prestress to allow for some heating of the foil 
without deformation. After annealing, the unit was coated 
with TiN coating, nominally 150 Angstroms thick, but 
perhaps thicker. The Be windows conditioned to 16 
MV/m but over a period of weeks the dark current and 
sparking rates slowly increased so that it was difficult to 
retiim to the initial high accelerating fields. 
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Figure 2. Background rates with copper windows. 

Pictm-es of the dark current transmitted through the 
windows were recorded on glass slides, polaroid film and 
photographic paper. The glass and polaroid pictures show 
the beams near the window in the homogeneous field, and 
the photographic paper shows how the beams diverge with 
the fringe fields of the magnets. See a paper by Gruber et 
al[3]. 

Figure 3. Dark current with 2.5T solenoidal B field. 

X ray Spectra 
The spectra of photons were measured with an ORTEC 

Ge detector, cahbrated with Co60 and Csl37. The 
spectra were obtained at fairly low accelerating fields 
because the busy gate on the qVt pulse height module 
was comparable to the length of the rf pulse, so it was not 
possible to count photons at a rate of more than 1/rf 
pulse. The spectiaim is somewhat more steep than would 
be produced from first generation bremsstrahlung, which 
might indicate that the x-ray energy is being attenuated by 
scattering. 
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Figure 4. Energy spectra of x rays. 

Surface Damage in Cu and Be 
Surface damage on the Cu plates consisted of pits on 

the order of 100 - 400 \x,m in diameter and occasional 
splashes where liquid copper drops had evidently splashed 
and adhered to the surface. 

Example of this damage are shown in Fig. 5 and Fig. 
6. An electron microscope picture shows a typical sharp 
edged crater in an otherwise smoothly machined surface. 
The pits show sharp edges which are consistent with the 
field emission we see with films and radiation monitors. 

Fig. 5. Optical image of copper plate, (scale in cm). 

The appearance of the Be windows was quite different. 
Visually, the dark TiN coating seemed unbroken, and this 
seems to be confirmed with electron and optical 
microscopy. The surface was covered, however, with 
copper particles. An electron microscope picture of the 
surface. Fig. 7, shows some of the typical structures. 
With irregular copper blobs are visible on an otherwise 
unbroken Be surface. The TiN covered Be shows marks 
evidently made during rolling. Almost all damage seems 
to be due to copper deposition, which can be irregular, 
circular or linear. The Cu surfaces show admixtures of Fe 
at the 2.5% level when EDX analysis is done, trace 
amounts of Fe were in the Be. We also saw deposits of 
what may have been dried machining or cleaning fluid. 

Figure 6. SEM image of copper plate. 

Figure 7. SEM image of Be Windows showing copper. 

CONCLUSIONS 
We have built an rf cavity which can be used to study 

the use of beryllium rf windows which are needed in low 
frequency cavities for muon cooling We have found that 
copper cavities seem to produce acceptable background 
rates at 8 MV/m, however strong (-2.5 T) magnetic fields 
can produce problems which require long conditioning 
periods. The dark current performance of Be windows 
seemed to degrade with time. A preliminary analysis of 
the windows themselves, however, using SEM and optical 
microscopy, shows that all the damage seems to be due 
copper contamination, and little or no significant damage 
has been done to the TiN coated Be windows. This work 
was done as part of the MUCOOL experimental program 
and was supported by the USDOE and the State of 
Illinois. 
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HOM DAMPED NC PASSIVE HARMONIC CAVITIES AT BESSY* 

W. Anders, P. Kuske, BESSY, Berlin, Germany 

Abstract 
HOM damped normal conducting passive harmonic cavi- 
ties are developed and installed at the BESSY II storage 
ring. The mechanical and electrical parameters and the 
operation modes are described. The operational parame- 
ters are presented, showing good agreement of bunch 
lengthening, synchrotron frequency shift and increase of 
Touschek Ufetime. Measured data of the transient shift of 
the synchronous phase driven by the harmonic cavities 
are presented. Due to the HOM dampers no coupled 
bunch modes of the beam are driven by the harmonic 
cavity. 

INTRODUCTION 
BESSY II is a high brilliance 3"* generation synchrotron 
light source running with electrons at 1.7 GeV. Typical 
Ufetime at a current of 250 mA is in the order of 6-8 
hours, depending on the settings of the insertion devices 
and the vacuum conditions. The lifetime is mostly domi- 
nated by the Touschek scattering driven by the small 
bunch volume. Small transversal beam dimensions are 
desired, but Touschek scattering can be reduced also by 
increasing the bunch length without influence on the 
measurements of the synchrotron light users. 

Basic Ideas: 
The bunch length is proportional to the square root of the 
gradient of the rf voltage at the position of bunch. By 
adding a harmonic voltage of the rf voltage, the gradient 
can be changed (Fig. 1). 

Total voltage 
main RF voltaije 
3rd harmonic 
uOloss 
uOhloss 

Pliase(rad) 

Figure 1. Plot of the voltages in the 500 MHz main 
cavities and in the 1.5 GHz cavities, summing up a zero 
slope to the beam at the synchronous phase. 

When using a passive cavity at a harmonic frequency of 
the main rf (3"* harmonic at BESSY) the beam induces the 

*This work is funded by the Bundesministerium fUr Bildung, Wissen- 
schaft, Forechung und Technologie and by the Land Berlin 

voltage in the harmonic cavity having no accelerating 
fields at the position of the bunch. By tuning the reso- 
nance of the harmonic cavity little above or below the 
harmonic of the main rf, the phase of the harmonic volt- 
age is changed ±90° resulting in decreasing (resonance 
above harmonic) or increasing gradient of the sum volt- 
age leading to bunch lengthening or bunch shortening. 
The voltage in the passive harmonic cavity depends on 
the beam current (beam spectrum) and can be controlled 
by the resonance of the harmonic cavity using a plunger 
for tuning. 

Harmonic Cavities with uneven Bunch Filling 
With harmonic cavities the gradient of the rf can be made 
flat at the position of the bunch and lifetime increase up to 
a factor of 3 can be calculated [1] assuming even bunch 
filling. First tests with harmonic cavities at BESSY [2] 
and ALS showed much lower values. This is now well 
understood. When running the storage ring with an 
asymmetric filling the voltage of harmonic cavities in- 
creases while electron bunches are passing and decreases 
in the gaps of the fiUing. This results in varying gradient 
of the synchronous phase during a revolution. Taking this 
in account, the achievable gain in hfetime reduces. The 
parameters are calculated in a tracking code [3] and are in 
quite good agreement with the measurements. 

Landau Damping with Harmonic Cavity 
The gradient in synchronous phase gives a decoupUng of 
the bunches and can be used for supressing coupled bunch 
modes [4]. At the BESSY storage ring all cavities are 
equipped with HOM dampers. Therefor no coupled bunch 
modes have to be supressed. 

PARAMETERS OF THE HARMONIC 
CAVITIY 

Mechanical Parameters 

.!^S. 

Figure 2 HOM damped cavity body 

The harmonic cavity is a further development of the non 
damped cavities [2]. The cavity has a pillbox shape and 
three wave guides with cut off 1.85 GHz (Fig.2). The 
beam tube diameter is 60 mm and the total length is 200 
mm. The cavity body is made from HC copper with inter- 
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nal cooling channels. The typical water flow is 15 1/min. 
The copper plated stainless steel wave guides are half size 
wave guides at the comer of the body expanding to full 
size at the flanges with vacuum ferrite [5] for higher order 
mode damping. Because of space requirements the 
waveguides are bent to one side of the cavity. There are 
two plungers for tuning (only one necessary) and two 
diagnostic loops to do S12 measurements with beam for 
adjusting the resonance in respect to the beam harmonics . 

Electrical Parameters 
The main parameters of the cavity are given in table 1: 

Parameter Value Unit 

fundamental frequency 1,499 MHz 

R/Q 62 Ohm 

Qo 13,900 

RefF 860 kOhm 

typical operation voltage 60 kV/cavity 

length of cavity 20 cm 

number of installed cavities 4 

Table 1: Electrical Parameters of Cavity (measurements) 

The cavity was cross checked by a mafia calculation to 
adjust the cut off of the wave guides. For reasons of 
symmetry only two wave guides were calculated. A pro- 
totype cavity was built and the length of the wave guides 
and the exact diameter of the body evaluated. The shunt 
impedance of the cavity was measured by bead pull 
measurement. The Q value and the higher harmonic 
modes were investigated by S12 measurements with a 

Figures: Four harmonic Cavities installed at BESSY II 

network analyser and cross checked by measurements 
with beam in single bunch mode. The Q value of the most 
powerfiill TMOl 1 is about Q=150. The TEl 11 mode has a 
moderate high Q= 1,000 HOM near the cut off of the wave 
guides, but shunt impedance is low and the beam is not 
excited by this mode. 

OPERATING MODES 
The harmonic cavities are controlled by the EPICS con- 
trol system. The operator can choose between four opera- 
tion modes. The harmonic number h of the 3*^ harmonic 
of the main rf is h=1200. 

1. Parking Position: In this mode the plunger drive to a 
fixed position so that the resonance of the cavities is 
in the middle of two revolution harmonics, for exam- 
ple on harmonic nimiber h=1195.5 

2. Set Mode: Set mode is dedicated to machine studies. 
Both plungers can be driven to positions given by 
sliders on the control system. 

3. Lengthening Mode: Lengthening mode is the stan- 
dard mode in user operation. The resonance is tuned 
for decreasing the gradient of the total rf voltage for 
lengthening the bunch and increasing the lifetime of 
the beam. One plunger is on fixed position while the 
other is controlled by a voltage loop. The loop is pro- 
grammed as a slow PI-loop on the EPICS control 
system. To avoid the cavity going to resonance and 
inducing very high voltages, the range of the position 
of the plunger to drive is limited to about 250 kHz to 
750 kHz above 3"* harmonic of main rf correspond- 
ing to harmonic number h=1200.2 to h=1200.6. By 
linaiting the range of the resonance, at low currents 
the desired voltage can not be achieved. This is no 
problem, because touschek scattering is reduced by 
low currents as well and lifetime is high enough. 

4. Shortening Mode: This operation mode is a voltage 
loop similar to the lengthening mode, but the reso- 
nance of the harmonic cavities is set to values below 
the 3 harmonic of the main rf to harmonic numbers 
of h=1199.4 to h=1199.9 giving abunch shortening. 

OPERATIONAL RESULTS 
Four harmonic cavities are installed in the BESSY n 

storage ring (figure 2) and operated normally in bunch 
lengthening mode. The operational voltage per cavity of 
55-60 kV means a sum voltage of 230 kV while the sum 
voltage of the accelerating 500 MHz rf cavities is 1.3 
MV. Lifetime and bunch length were measured (figure 4) 
using a Hamamatsu C5680 streak camera, harmonic volt- 
age decreases at currents lower than 150 mA due to the 
tuning limit of the plungers controlled by the voltage 
loop. The increase of the bunch length is measured as 
(7=15.6 ps going to o=20.5 ps (30%). The synchrotron 
frequency shift fit to those data. The increase of toushek 
lifetime is 30% as well and in agreement with the increase 
of bunch length. Considering a gas scattering lifetime of 
25 h at the time the measurements are done the total in- 
crease of lifetime is 20%. There is no heating of the beam 
by HOM's driven by the harmonic cavities. The TEl 11 
mode can be seen on the beam spectrum but due to its low 
shunt impedance there is no influence on beam stabilty. 
Bunch shortening has been demonsti-ated in machine 
shifts in low alpha optic for generating coherent radiation 
with very short bunches. 
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Figure 4: Bunch length with harmonic cavities at 225 kV 
(lengthening mode) and lower 30 kV (parking position). 
Main rf voltage is 1.3 MV. For beam currents lower than 
150 mA the harmonic voltage decreases due to the tuning 
limit. 

BESSY II is an electron storage ring. For ion clearing 
not all the 400 buckets of the ring are filled but a bunch 
train of 360 bunches and a ion clearing gap of 80 ns is 
used. The asymmetric filling produce a modulation of the 
harmonic voltage resulting in a change of the synchrou- 
nous phase of the bunches in respect of the position of the 
bunch (figure 5). The phase detector of the longitudinal 
feed back has a detection range of 30° phase, so the 
clearing gap has to be kept short. 

Transient Synchronous Phase Spread 

50- 

r Solid dots: 1 Gap                                            % 
Open diamonds: 2 equal wide gaps            y/^ 

5. 
? 30- 

y*        o 
S  20 

|io. y^ 
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Figure 5: Transient phase shift of synchronous phase of 
the bunches due to influence of harmonic cavities at 
BESSY II. Total harmonic voltage is 225 kV, voltage of 
the fundamental rf cavities is 1.3 MV. Solid dots are 
measurements with one bunch train and one gap, open 
diamonds are measured using two symmetrical bunch 
trains and two gaps 

Outlook 
The voltage in the harmonic cavities is still below the 

optimum voltage. The harmonic voltage is limited by the 
power capacity of the cavities and the installation length 
in the storage ring. To achieve a higher voltage and hav- 

ing lower phase transients a super conducting harmonic 
cavity is ordered at ACCEL company and will be deliv- 
ered this year. The SC cavity is a passive 1.5 GHz scaled 
version of the Cornell type CESAR cavity. The design 
voltage is up to 500 kV and the length of the cryostat is 
80 cm flange to flange. This is the same length as the four 
normal conducting cavities so that the cavities can be re- 
placed on the same installation place of the storage ring. 

Conclusion 
Four passive S"** harmonic HOM damped cavities are 

installed and operated without problems in the BESSY II 
storage ring resulting in a lifetime improvement of overall 
20% in normal user operation of the storage ring. 
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IMPEDANCE MEASUREMENTS 
OF A HOM-DAMPED LOW POWER MODEL CAVITY* 

F. Marhauser. E. Weihreter, BESSY II, Berlin, Germany 
C. Weber, TU Berlin, Germany 

Abstract 
In the frame of a European Community funded project 

a higher order mode (HOM) damped normal conducting 
500 MHz cavity is under development optimized for the 
use in 3"* generation storage ring light sources. The 
relevant HOM-impedances have been measured with a 
fully scaled low power model made from aluminium. By 
using a cutoff frequency of 615MHz for the damping 
waveguides we have found a good compromise between 
the preservation of the accelerating mode impedance and 
the efficient broadband damping of HOM's. Detailed 
experimental results are presented and compared with 
numerical simulations. 

1 INTRODUCTION 
In undulator dominated 3"* generation storage rings the 

beam induced coupled-bunch instabilities driven by the 
narrowband HOM's of rf-cavities can severely limit the 
quality of the photon beams. Thus strong damping of all 
relevant cavity HOM's is a straight forward solution to 
avoid such instabilities. Based on numerical 
simulations [1] a cyUndrically shaped 500MHz HOM- 
damped cavity was optimized with special emphasis on 
conceptual simphcity, low investment cost and a compact 
layout for compatibility with such cavities in existing 
storage ring tunnels (see Fig. 1). Detailed measurements 
have been performed for a fully scaled aluminium cavity 
to verify the promising impedance estimates of the 
simulations. A high power prototype cavity made from 
OFHC copper is under fabrication designed for lOOkW 
input power [2] and for a max. gap voltage of 850kV. 

2 CAVITY DAMPING SCHEME 
The prototype cavity uses three tapered circular double 

ridged waveguide to coaxial transitions (CWCT's) as 
HOM-couplers [3]. They are spaced by 120° around the 
cavity circumference to facilitate the energy extraction of 
differently polarized transverse HOM's and shifted away 
from the cavity equator in axial direction to enable 
coupling to both symmetric and anti-symmetric HOM- 
field distributions (with respect to the longitudinal 
midplane). In this manner all critical beam induced 
HOM's couple to the l" waveguide mode (TEn-like) of 
the CWCT's. The CWCT internal ridge profile is shaped 
such that a constant cutoff is maintained all along the 
tapered section (see Fig. 2), which provides a broadband 
transmission characteristic with negligible mode 
conversion [3]. A cutoff frequency of fo=615MHz has 
been chosen finally as a compromise between a high 

Work funded by the EC under contract no. HPRI-CT-1999-50011 and 
supported by BMBF, by the Land Berlin and by DAAD/Germany 

damping efficiency for the low frequency HOM's and a 
high shunt impedance for the fundamental accelerating 
mode. 

tapered circular double ridged 
HOM-waveguide with co«id»l tnuuitian (CWCT) 

0.5 m 
piclavport 
(not visible) 

Figure 1: The 500MHz HOM-damped cavity assembly. 

At the end of the tapered waveguide the TEn-like mode 
is transformed to the TEM-mode of a 7/8" EIA standard 
50Q coaxial line by means of a transformer section. Thus 
HOM-energy can be extracted from the cavity and 
dissipated efficiently up to the relevant beam tube cutoff 
(f™oi=3.1 GHz) by means of external 50Q absorbers, 
which are separated from the vacuum via broadband 
ceramic rf-windows. 

tigered waveguide 

SOQ coaxial line 
(toatnoriter) 

truufonaer section 

ridges 

Figure 2: Schematic view inside a CWCT. 

The length of the CWCT's has been chosen to limit the 
fundamental mode power leakage to about IkW per 
absorber at lOOkW cavity input power. This has been 
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verified by measurements for the low power model 
scaling the result to this power level and taking the higher 
copper conductivity into account. Additional power 
originating from HOM's has been assessed analytically to 
be well below IkW [4] for different design currents and 
fill patterns of modem storage rings. Thus commercially 
available 50£2 absorbers can be used as loads. 

3 OPTIMIZATION STRATEGY 

3.1 Simulations 
Extensive numerical work has been done to optimize 

the cavity shape and the location of the damping 
waveguides [5] using MAFIA 3D time domain (T3) 
calculations to enable the simulation of broadband 
extemal damping measures [6]. Results have been 
improved iteratively by means of the beam coupUng 
impedances, which can be evaluated from a Fast Fourier 
Transform of the computed wake potential induced 
behind the leading charge. However, the enormous 
amount of different optimization steps prevented from 
modelling the complex CWCT shapes, which would have 
led to prohibitively long calculation times. Homogeneous 
double ridged dampers were used instead (simplified 
model) with an ideal absorbing boundary at the end of the 
waveguides, i.e. S,i=0 just for the 1" propagating TEn- 
like mode to resemble the CWCT characteristic as close 
as possible. Simulations indicate that HOM impedances 
can be reduced to a level of 2kQ and 50kQ/m for 
longitudinal and transverse HOM's respectively based on 
this damping scheme [1]. 

3.2 Initial Experimental Results 
For the low power prototype cavity CWCT's with a 

cutoff of fc=650MHz have been used initially. Impedance 
measurements up to 1.6 GHz were carried out applying a 
"bead pull" method to probe the electric field of critical 
HOM's [7]. The TMou-like mode (f=699 MHz) with the 
usually highest R/Q-factor of all monopole HOM's could 
be damped down to a level of 1.7kQ. However, a 
coexisting TMou-like "persistent mode" (PAT) has been 
measured with a prohibitively high impedance of 36kn at 
654 MHz not predicted by the simplified model. 

Table 1: Measured persistent mode parameters 

fc [MHz] f [MHz] 0, R/Q im' R[M2]' 
650 654 1290 28.2 36.4 
625 639 820 12.7 10.4 
615 634 383 10.0 3.8 

R=Utfr /2Pv with Utfi=effective voltage, Pv=power loss 

It has been verified, that the PM does not exist in the 
cavity with closed HOM-ports and is due to the damping 
waveguides themselves. As the PM "sticks" to the cutoff, 
the energy propagation to the extemal loads is reduced 
causing a relatively high loaded quality factor (Qi) and 

consequently a higher impedance R=(R/Q)*Qi. Therefore 
we lowered the CWCT cutoff and hence the PM 
frequency with the aim to convert the field pattern to a 
more TEm-like nature, as such modes resonate at lower 
frequencies and exhibit much lower R/Q-factors. In fact 
the PM impedance could be reduced to 3.8kQ resonating 
at 634MHz with a final choice of fc=615MHz as 
summarized in Table 1. 

4 FINAL RESULTS 
The unexpected persistent mode phenomenon has 

shown that the use of CWCT's as HOM-couplers can lead 
to results significantly apart from the predictions of the 
simplified model as the amount of HOM-energy that can 
be extracted from the cavity is reduced by the tapered 
waveguides. To evaluate the related impedance increase, 
extensive measurements have been carried out for the low 
power model cavity with the final choice of fc=615MHz. 
In addition long term MAFIA T3 calculations have been 
performed for a more realistic model, this time including 
the complex CWCT shape ("realistic model"). 

In Fig. 3 the measured impedances are presented 
together with the calculated impedance spectra for the 
simplified and realistic model respectively. Measurements 
reveal that a broadband damping efficiency of all HOM's 
is provided with impedances reduced to a level of 4k£2 
and 170k£2/m for the most dangerous longitudinal and 
transverse HOM's respectively. 

4.1 Numerical and Experimental Issues 
For the realistic model -18 million mesh points 

(applying one symmetry plane) have been used exploiting 
our PC capabilities, but the complex CWCT shapes might 
still not be discretized satisfactorily to avoid numerical 
artefacts especially at higher frequencies. Actually some 
of the higher impedances could not be confirmed by the 
measurements as indicated in Fig. 3. Nevertheless the 
realistic model has predicted impedances in principal 
agreement with experimental results, also confirming the 
relatively high impedance of the persistent mode. 

As all HOM's are strongly damped, the accuracy of the 
measurements suffers from overlap of adjacent modes. 
E.g. for the monopole HOM at 2.64 GHz with a relatively 
high longitudinal impedance we have observed large field 
amplitudes in the beam tubes, which belong to a 
propagating TE-like dipole mode in the vicinity measured 
at the same time. The use of pick-up probes with loose 
coupling therefore is essential for the measurement, 
which compromises however the signal-to-noise ratio. 
Major inaccuracies were found for HOM's with rather 
low impedances fortunately out of interest. Due to the 
broken symmetry of the cavity, the electrical and 
geometrical (beam) axis can differ considerably 
depending on the HOM field pattem. Hence transverse 
modes can exhibit significant longitudinal field 
components on the beam axis, which has been verified 
experimentally. Transverse HOM's with such behaviour 
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have been included in the longitudinal impedance 
spectrum. Measurements were also complicated by many 
low impedance HOM's excitable by the pick-up probes 
but not relevant for the beam even when left undamped. 
Actually 3D eigenmode calculations with Microwave 
Studio [8] up to 1.6GHz (full model, but no damping 

measures possible in frequency domain) revealed the 
existence of about 100 modes. In that spectral region all 
critical HOM's could be identified unambiguously by 
comparing measured and calculated field patterns. This 
also gives confidence in experimental results at higher 
frequencies not surveyed by eigenmode calculations. 
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Figure 2: Measurement results (diamonds) for longitudinal (top) and transverse impedances (bottom) together with the 
predicted impedance spectra (Unes) of the simplified and realistic MAHA T3 model respectively. The European 

definition of the shunt impedance R=Ueff^/2Pv is assumed with Ueff=effective voltage, Pv=power loss. 

5 CONCLUSION AND OUTLOOK 
Detailed impedance measurements have been 

performed for a 500MHz low power HOM-damped 
cavity, which makes use of tapered CWCT's as HOM- 
couplers. With these couplers the HOM's are damped 
down to a level of 4kQ and 170kQ/m for the most critical 
longitudinal and transverse HOM's respectively. The 
measurement results are in principal agreement with 
numerical estimates for the realistic model. A first high 
power prototype cavity made of OFHC copper is under 
manufacturing encouraged by the promising resuUs. 
Benchmark measurements for the most critical HOM's, 
high power conditioning, and first beam tests in the 
DELTA ring in Dortmund/Germany are scheduled for the 
second half of 2003. 

In parallel investigations are performed to design a 
more homogeneous damping waveguide with internal 
loads as an alternative to the CWCT's. The aim is to a) 
closer resemble the simplified model, which indicates that 
longitudinal and transverse HOM's can be further damped 

to a level of 2kQ and 50kQ/m respectively and b) to 
reduce the investment costs for the HOM-couplers. 
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RADIO FREQUENCY CONTROL SYSTEM FOR THE DUVFEL 

J. Rose*, A. Doyuran, W. Graves, H. Loos, T. Shaftan, B. Sheehy, Z. Wu, 

BNL, Upton, NY 119733, USA 

Abstract 
A new RF control system was designed and imple- 

mented to support short pulse High Gain Harmonic Gen- 
eration (HGHG) experiments, which require sub- 
picosecond synchronization between the laser and the 
accelerating RF fields'. This control system consists of a 
81MHz crystal oscillator to drive both the Ti;:Sapphire 
laser and a 2856 MHz synthesizer, direct vector modula- 
tors that control the amplitude and phase of the klystron 
drive and vector de-modulators for amplitude and phase 
measurement. RF and electron beam based measurement 
results of the RF to laser jitter are presented as well as 
experimental resuUs of synthesizing the RF directly from 
the 81.6 MHz pump laser pulse train. 

INTRODUCTION 
The DUVFEL linac is composed of four travelling- 

wave 2856 MHz accelerator tanks injected by a 1.6 cell 
photo-cathode gun, a magnetic chicane for bunch com- 
pression, and a 10 m undulator. The accelerator tanks are 

Bend 

driven by three Thompson 2128 klystrons capable of 40 
MW each. The first klystron output is split with 10 MW 
going to the gun and 30 MW divided between accelerat- 
ing tanks one and two. Tank one is the reference tank with 
no high power phase or amplitude control. The gun and 
tank two have high power phase shifters and attenuators 
for control. The remaining two klystrons drive tanks three 
and four directly. A magnetic chicane between tanks two 
and three is used for electron bunch compression. At the 
end of tank four there is an analysing spectrometer mag- 
net and a YaG screen beam position monitor (BPM) for 
measuring electron beam energy. The HGHG FEL oper- 
ates by seeding the electron bunch by overlaying a laser 
pulse on the compressed electron bunch. The laser pulse 
induces energy modulations in the bunch which are con- 
verted into spatial modulation in a undulator. This spatial 
modulation produces coherent lasing in the final undula- 
tor. As the electron and seed laser pulses reach sub- 
picosecond lengths, timing jitter becomes a limiting factor 
in HGHG FEL performance. 

Photo-cathode 
gun with Cu 

cathode 

Dump 

RF SYSTEM DESCRIPTION 
The layout of the DUV-FEL is shown in Figure 1. A 81.6 
MHz crystal oscillator drives both the Ti::Sapphire pump 
laser and a 2856 MHz coaxial dielectric resonator synthe- 
sizer for the RF system. The synthesizer output is split to 
drive the 3 klystrons and provide the LO for phase meas- 
urements. A new Quadrature Vector Modulator developed 
at the DUV-FEL provides the amplitude and phase con- 

81.6MHz saal 
Figure 1. DUVFEL Facility Layout 

trol. It utilizes a new communications chip by RF Micro- 
devices Inc., the RF2480 Direct Quadrature modulator. 
This device is specified to operate with an LO between 
800 and 2500 MHz, and baseband I/Q channels from DC 
to 250 MHz. The 250 MHz modulation bandwidth will 
allow feedforward during the 2-microsecond rf pulse for 
pulse shaping, if required in the future. As-buih the 
modulators have approximately a 5% amplitude ripple 
and 4-degree phase accuracy. In order to improve this 
each modulator is calibrated by recording the I and Q set 
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points required to step the phase in 10-degree steps and 
maintain uniform amplitude. A polynomial fit to the cali- 
bration data is stored in the EPICS control system to drive 
the I and Q channels. After calibration the phase and am- 
plitude variations are brought to 1 degree and 1 % as the 
phase is varied from 0 to 360 degrees. At very small am- 
plitudes, -1% of full power, the phase error approaches 
10 degrees. In principle this could be corrected by cali- 
brating over several amplitude ranges but this has been 
enough of a problem in normal operations to warrant the 
effort. The modulators have been installed and operating 
for over a year without any failures. They have proven to 
be extremely stable against thermal drift and noise since 
the entire modulator is on a single piece of GaAs. 

A vector de-modulator has been prototyped using the 
Analog Devices AD8347 integrated circuit. Like the 
RF2480 this IC was designed for use in wireless commu- 
nications systems with an RF bandwidth 800 to 2700 
MHz. The baseband output bandwidth of 65 MHz easily 
accommodates the 2-microsecond pulse width of the kly- 
strons. For testing an Agilent 8357 Network Analyzer 
(NA) provided the LO input to both the modulator and the 
demodulator. The modulator output signal was split to 
provide the transmission (S21) return signal to the NA 
and RF input to the demodulator. A LabView program 
was written to command the I/Q modulator in one-degree 
steps and provided an external trigger to the NA for each 
step. Figure 2 shows the input phase vs. the reconstructed 
output phase of the AD8347. 

200 

100 

Q 
a 

«   -100 

1 1  

1          '■■■■'-...,     '■    " 

. 
;                                             ■■■, 

■\. 

\ 
-         i                             1 

0 100 200 300 400 

Phase Command in one degree Steps 
 AD8347 0ut 

RF2480Out 
Figure 2. Phase Output of Vector Modulator as measured 

by Network Analyser and AD8347 de-Modulator 

PHASE NOISE CHARACTERIZATION 
The timing jitter between the electron beam and seed laser 
is critical for ultra-short pulse and cascaded HGHG FEL 
operation. The stability of the rf to laser system, and the 

shot to shot stability of the electron beam was character- 
ized. Based upon the results of this system characteriza- 
tion an improvement in the rf to laser jitter was imple- 
mented. 

Beam Jitter Measurements 
The final electron beam energy is related to the field 

strength and timing jitter of the accelerating fields as 

£/(0 = X^i(cos(? + A^/)) 
i 

where i denotes the i* rf system. The laser to RF jitter 
dominates the jitter between the seed laser and the elec- 
tron bunch, in particular at the photo-cathode gun. Since 
we are measuring Ef which is a fiinction of energy and 
phase there is a contribution of tanks 2 and 3 amplitude 
jitter that "hides" the actual measured value of .. rf • In 
order to separate this effect fi-om others we have per- 
formed the following measurements. 

The jitter was measured using the first bending magnet 
as a spectrometer and measuring the beam position on a 
YaG screen, similar to zero-phasing bunch measure- 
ments . For these experiments the nominal beam energy 
was 60.6 MeV. The gun phase was set to 30 degrees, tank 
1 on crest, tank two 23 degrees off crest and tank three 
was phased so as to cancel the energy chirp of tank 2, 
near 90 degrees phase. The beam was centered on the 
YaG screen downstream of the first spectrometer magnet. 
The phase of the rf system with respect to the laser system 
can be adjusted with an I/Q modulator just after the rf 
synthesizer. This was used to introduce a +3 degrees and 
- 3 degrees phase shift to calibrate the beam position on 
the YaG screen in degrees of RF or time. Figure 3 shows 
the jitter in picoseconds of the nominal and +/- 3-degree 
calibration electron beams. 

Jitter in picoseconds with Phase^steps of +/-3 degrees 

/I 

iio 

I 6 
E ft .■ ( n 

4 6 8 10        12 
position calilxated in picoseconds 

16 

Figure 3. Beam jitter as measured by position on YAG 
screen after spectrometer magnet. 

This measurement was repeated but with the variable be- 
ing the klystron 2 voltage. A 10"' relative klystron voltage 
shift on tank 3 is shown in Figure 4. The klystron 2 PFN 
voltage was measured with an oscilliscope and varied 
shot-to-shot by lO'^ rms. This voltage variation is not 
enough to explain all of the jitter in figures 3 and 4. 
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Jitter in picoseconds with Vj^ of 10"" 

16 
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Figure 4. Beam position with 10"' relative voltage step 
on tank 3 klystron. The standard deviation of the tank 3 
klystron voltage was measured to be 1 x 10"^. 

Laser to RF Phase Jitter 
The phase jitter between the laser and RF system was 

measured by monitoring a sample of the Ti::sapphire laser 
output with a fast (10 GHz bandwidth) diode detector. 
The 35* harmonic at 2856 MHz was filtered, amplified 
and compared against the 2856 MHz synthesizer output in 
a mixer. The error signal was low pass filtered at 300 
kHz, and amplified. This signal was analysed with a Dy- 
namic Signal Analyser (DSA). The I/Q modulator was 
used to calibrate the data by introducing a +/- 3-degree 
phase shift. The results are shown in Figure 5. 

RF to UVSER Jitter 

4000 6000 
jitter in femto-seconds 

10000 

Figure 5. Laser to RF jitter in an 8 second histogram 
length with +/- 3-degree calibration traces. 

In order to reduce the jitter between the laser output pulse 
and the 2856 MHz accelerating field methods of locking 
the rf to the laser oscillator pulse train were investigated. 
Since the rf is the 35* harmonic of the 81.6 MHz finding 
an IF frequency for a conventional loop' required division 
by an odd integer. Although possible, odd division is dif- 
ficult to perform without adding additional noise. It was 
decided to use the laser oscillator to derive the rf fi-e- 
quency directly. The laser oscillator output pulse train at 

81.6 MHz was detected with a photodiode with 10 GHz 
bandwidth, and 3 Amp/W sensitivity. The 35* harmonic 
was filtered out with a bandpass filter resulting in -30 
dBm signal strength. This signal was amplified to 0 dBm 
and sent to the low level RF system, as described above. 
The RF to laser jitter measurement was repeated and is 
shown in Figure 6. Each trace represents a histogram of 
the phase detector output with a 3.8microsecond sample 
time and an 8 second histogram length. The right trace is 
a +2-degree calibration taken by stepping the I/Q modula- 
tor phase that is inside the measurement loop. The 2- 
degree step is nearly the minimum step size that produces 
sufficient accuracy for reliable calibration with our cur- 
rent set-up. The Digital to Analog Convenors (DAC'S) 
that drive the quadrature modulators are only 12 bit and 
produce quantization of the phase steps below 1 degree in 
some quadrants. 

,xio- 

2500        3000        3500 
jitter in femto-seconds 

4S00 

Figure 6. Laser to RF jitter in 8-second histogram length 
when RF is driven by laser output. A +2-degree calibra- 
tion trace is on the right, second calibration trace omitted 
to improve scale for clarity. 

CONCLUSIONS 
Driven by the need for sub-picosecond jitter between a 
photo-cathode laser and the linac rf system a program of 
improvements to the rf system has been undertaken. Im- 
plementing a new vector modulator enabled accurate and 
repeatable phase and amplitude control. Measurements of 
the laser and rf have identified specific problem areas 
producing this jitter. Operation with a laser driven rf 
source has greatly reduced the front-end jitter of this sys- 
tem, fi-om 400fs FWHM to <40fs FWHM 
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PROGRESS IN THE DEVELOPMENT OF HIGH LEVEL RF FOR THE SNS 
RING* 

A. Zaltsman, M. Blaskiewicz, J. Brennan, J. Brodowski, J. Butler, M. Meth, F. Severino, 
K. Smith, R. Spitz 

BNL, New York 11973, USA 

Abstract 
A High Level RF (HLRF) system consisting of 

power amplifiers (PA's) and ferrite loaded cavities is 
being built by Brookhaven National Laboratory (BNL) for 
the Spallation Neutron Source (SNS) project. Four 
cavities were built and are being tested. Each cavity has 
two gaps with a design voltage of 10 kV per gap and will 
be driven by a PA directly adjacent to it. The PA uses a 
600kW tetrode to provide the necessary drive current. All 
the PA's were built and are being tested at BNL prior to 
shipping to ORNL. A dynamic tuning scheme used to 
help compensate for the effect of beam loading was 
implemented and tested. 

1 INTRODUCTION 
Main tasks of the HLRF system for the SNS ring 

are to capture proton beam during 1 ms injection from the 
IGeV linac and to maintain a gap for the rise time of the 
extraction kicker. The HLRF system consists of three 
harmonic one cavities running at 1.05 MHz and one 
harmonic two cavity at 2.1 MHz. 

The HLRF is required to operate at wide 
dynamic ranges of the gap voltage (20 dB) and from no 
beam loading at the beginning of the cycle to the heavy 
beam loading (75 Amps peak current) at the end. 

This paper will describe progress in the 
development and testing of all the key components of the 
HLRF system. 

2 SYSTEM PARAMETERS 
High beam loading and reliability of the system 

were the determining factors for the system configuration 
and parameters. 

To achieve these requirements, a set of 
parameters was developed. These parameters take into 
consideration beam loading, reliable high voltage design, 
availability of components (ferrites, tubes, etc.), space in 
the ring and maintainabihty. 

*Work performed under the auspices of the United States 
Department of Energy 

System parameters are tabulated in Table L 

Table I 

RF system type Dual harmonic 
Cavity length 2.3 m 
Accelerating gaps per cavity 2 
Harmonic 1 frequency 1.058 MHz 
Number of harmonic 1 cavities 3 
Harmonic 1 total voltage 40 kV 
Harmonic 2 fi-equencv 2.115 MHz 
Number of harmonic 2 cavities 1 
Harmonic 2 total voltage 20 kV 
Beam loading compensation Dynamic tuning and 

feed forward 
Harmonic 1 cavity shunt 
impedance 

800 a 

3 CAVITY AND POWER AMPLIFIER 
Reliability, conservative design and easy 

maintainability were the prime consideration in the 
development of the SNS RF system. 

Small samples, as well as full size ferrite rings, 
were evaluated for power dissipation, permeability and 
instabilities. The best choice for the ferrite for this 
application was Philips 4M2. The highest flux density is 
at the lowest frequency and on the inner surface of the 
ferrite ring. Each gap consists of 21 rings, and each ring 
measured 50cm O.D x 25cm LD. x 2.72cm thick. 

Vgap = 2-n-f-Brf.l-a-\n{bla) 

Brft 10^ 

6.28 • l.OSAfflz • 21 • .0272 • .125 • In 
50 

"25 

■iXQ Gauss 

Tests of the ferrite showed no instabilities at 
flux density in excess of 400 Gauss. 

In our design, four capacitors of 750 pF each 
provide a total gap capacitance of 3 nF. Because 
removing 3 of 4 gap capacitors from the h=l cavity will 
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convert it to h=2 cavity, we are able to utilize the same 
cavity for both systems. 

^ " It 
' 

i i 

V///////////A V///////////A 
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V///////////A 
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yy///////////A 

T "               "         Z 

b t 

Figure 1 

Figure 1 shows a functional diagram of the RF 
cavity and the PA. Ferrite rings are dc biased whereas the 
outer can, beam pipe and the gap connecting buswork 
form a single turn bias winding. Because two halves of 
the cavity are in series to the dc bias, but in parallel to the 
RF drive, the RF will be cancelled (figure eight). 

At the present time two out of four cavities were 
fully tested to 11 kV peak and are ready to ship to ORNL. 
The other two are fiilly assembled and ready for testing. 
Two amplifiers are fully tested and the remaining two are 
being assembled. 

The amplifier is magnetically coupled to the 
cavity. B"^ link is inserted along the beam pipe. This 
technique eliminates the need for a plate choke. To reduce 
the downtime in case of the failure of this link a second 
one was installed and tested to the full RF voltage. 

.—          '-*;  

a;   .i-:--^ 

-f!^Ss^#je>**'^. 
W^_[" ■   4^- 

Cavity and the PA under test 

4 DYNAMIC TUNING 
The beam current in the accumulator ring is in 

quadrature with the generator current. During the 
accumulation the average beam current increases from 0 
to 35 amperes. The peak amplitude of the first harmonic 
component is 50 amperes per gap with total 100 amperes 
per cavity. 

/A = 2 • 10'" ppp = 35 Ada = 55 Apk 

current to Ipa{t) - 

By optimizing the resonant fi-equency of the cavity, the 
PA current may be reduced to the unloaded value. 
Set the gap voltage to V{t) = Vrf sin(fijr) and the PA 

fvA ■ ( \ 
\^ ) 

The beam current is IB = h ZO%\pyt). 
The total driving current is the sum of the beam and PA 
contribution and is equal to the sum of the currents in the 
resistor, capacitor and inductor of the cavity. 

Yi 
R 

sva{o)t)- lb cos{(a) 

_ Vrfsin{cix)   <' 

'R 
aC Wcos(6#) 

0)L) 

so,     h = Vrf 
coL 

\ 
■coC 

The inductance is varied according to: 

—       —      ' M.            where     R/ 1 
(oC 

^=35 = 35% 
L 

/        2 
fAL^ 

UJ = 17% 

At 1.05 MHz it would represent 170 kHz 
frequency difference between the drive frequency and the 
resonant frequency of the cavity. The loaded Q of the 
cavity is 50 at tube quiescent current of 5 amperes, and 
drops to 38 at 10 amperes. 

To simulate this mistuned condition the 
frequency was swept from 1.05 MHz to 1.22 MHz, while 
keeping the cavity tuned at the 1.05 MHz by the constant 
tuning current. AGC kept the voltage on the gap constant 
at 7 kV. (Figure 2) 

Dynamic tuning PS 

1196 



Proceedings of the 2003 Particle Accelerator Conference 

22-ll8ij-e2 
18:83:12 

f.5^         J 
I-          1.92 kul 

f .5 ^          1 
1-          34.8 V> 

kCmii Gap Volts G.SKV 

'                          1 • 
1 1 I 

k          j 
i'-=l.,J 2 Grid Drive 40CWpk 

P-         J ^          5.87 Ijl J 
^ -2 Command to 

A \ , 3 Tube Cutjenl 

.5 ns 

0    5    U    DC !S 
2 5    V    BCS, 
3 5  V ses 
4 5    V   » _r - 

1 

1 DC 3. 4I(V 
10 MS/s 

□      STOPPED 

Figure 2 

To reduce the effect of beam loading Dynamic 
Tuning was implemented. Dynamic tuning is a feed 
forward correction, which is perfect for the SNS 
application since the repetition rate of the machine is 60 
Hz, and the beam intensity doesn't change from cycle to 
cycle. Tuning current will be changing at 60 Hz (or a 
multiple of it) by +/-450 amperes peak around the dc 
component needed to tune the cavity without the beam 
loading. 

The results were great, and a full power tuning 
supply was built to test on the final cavity. 
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supplies in parallel, charging a 70uF capacitor bank was 
chosen for the anode supply. To switch the tube on and 
off we used fast (1 MHz) grid bias power supply that 
switches the bias between the shut-off (-700 volts) and 20 
amperes of quiescent current. 

Anode, screen, grid and 3 out 4 tuning power 
supplies are at BNL being tested. 500 watt drivers were 
successfully tested and being ready to ship to ORNL. 

6 CONCLUSIONS 
Two cavities, two power amplifiers and a set of 

power supplies were rigorously tested and operated at 
BNL at the gap voltages exceeding the design values and 
are being packaged for shipment to ORNL 

The system was designed conservatively with an 
eye on reliability, ease of operation and troubleshooting in 
a high radiation environment. All the components used 
were rated with comfortable safety margins. 
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Fig. 3 shows a dynamically tuned cavity at 10 kV 
on the gap with the tube current less than 30 amperes. The 
tube current and the grid drive are drastically reduced. 

5 POWER SUPPLIES 
The beam accumulation in SNS lasts mS, and if 

we add mS for pre tuning the cavities to the nominal 
voltage, the duty cycle of the HLRF system does not 
exceed 12%. A pair of 12 kV, 3.5 amp charging power 
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BUNCHER CAVITY FOR ERL 

V. Veshcherevich^ and S. Belomestnykh 
Laboratory for Elementary-Particle Physics, Cornell University, Ithaca, NY 14853, USA 

Abstract 
Design of the buncher cavity for Cornell/JLab ERL 

project is presented. This is a reentrant spherical copper 
cavity at a frequency of 1300 MHz. It will be installed 
between a 500 keV electron gun and superconducting 
accelerating sections in the injector part of ERL. The 
cavity has Q of 20,000 and a shunt impedance of 
2.1 MOhm. For a design cavity voltage of 200 kV, power 
dissipated in cavity is as much as 9.6 kW. The cavity has 
a coaxial loop coupler and will be driven by a 17.5 kW 
klystron. The estimates of cavity influence on beam 
dynamics are also discussed. 

1 INTRODUCTION 
The project of a 100 MeV, 100 mA Energy Recovery 

Linac (ERL) is in the R&D stage at Cornell University 
and Jefferson Laboratory [1], [2], [3]. To obtain the 
required beam properties, bunching of the beam produced 
by the gun is necessary. Therefore a buncher cavity will 
be built and installed between the electron gun and the 
first accelerating section of ERL injector. It will produce 
an energy spread of about 10 keV in a cr = 12 ps, 500 keV 
bunch coming from the gun so that the bunch will be 
shortened to cr = 2.3 ps in the drift space between the 
buncher cavity and the first injector cavity. 

2 CAVITY DESIGN 
The frequency of the buncher cavity is equal to the 

frequency of injector and main ERL linacs (1300 MHz). 
The maximum RF voltage that the buncher cavity should 
provide is 200 kV. This voltage is relatively small. 
Therefore there is no reason to build a superconducting 
cavity despite the fact that other accelerating structures of 
the ERL are superconducting. The buncher cavity is a 
copper cavity that has a spherical reentrant shape, which 
was optimized using the SLANS computer code [4]. Its 
geometry is shown in Figure 1. Table 1 summarizes main 
cavity and cavity-related parameters. 

Table 1 
Energy of electrons, E 500 keV 
Velocity of electrons, v/c 0.863 
Beam current, /Q 100 mA 
Resonance frequency, / 1300 MHz 
Q 20,000 
Shunt impedance, R = v'^/lP 2.1 MOhm 
Nominal operating voltage, V 120 kV 
Maximum accelerating voltage, V^ 200 kV 
Maximum dissipating power, P^ 9.6 kW 
Peak surface electric field, £p 8.8MV/m 
Cavity detuning by beam current, ^ 73° 

Figure 1: Geometry of the ERL buncher cavity. 

The cavity has four 40 mm diameter ports: a port for 
input coupler on the cavity top, a pump-out port on the 
cavity bottom, and two ports in the horizontal plane for 
tuners. There is also a small 15 mm port for the field 
probe. 

3 INPUT COUPLER 
The cavity has a water-cooled coaxial loop type coupler 

(see Fig. 3). However, the coaxial part is short and ends 
with a coax-to-waveguide transition with a ceramic 
window similar to the warm window of the TTFIII 
coupler for TESLA cryomodule [5]. The coupUng can be 

O) 

10 12 

l,mm 
14 16 

t vgv@lepp.comell.edu 

Figure 2: Dependence of Qext of the cavity on 
the distance between the coupling 
loop and the port opening. 
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Figure 4: Dependence of j2ext of the cavity on 
the coupling loop rotation. 

adjusted by rotation of the coupling loop. Figure 2 shows 
the dependence of Qext of the cavity on the distance I 
between the loop and the port opening; Figure 4 shows 
the dependence of Qext on the loop rotation for / = 10 mm. 

The average RF power delivered by buncher cavity to 
the beam is zero. Therefore no overcoupling is necessary 
and the gext of the input coupler should be equal to go = 
2.0x10". 

The RF power that goes trough the coupler to the cavity 
during routine operation is 3.4 kW and is 9.6 kW during 
operation at highest voltage (see Table 1). However, for 
the fast beam turn-on an operation with pre-detuned 
cavity (73° off resonance) will be necessary that requires 
a higher RF power of 12 kW at high reflection. Similar 
power requirements are vaUd for operation with a 
discontinuous electron beam. For operation at the highest 
voltage with a discontinuous beam the RF power goes up 
to 23 kW that is higher than the klystron power (17.5 kW). 
In this case the cavity will be operated halfway detuned. 
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Figure 5: Tuning the cavity frequency by a 
plunger tuner. 
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Figure 6: Cavity g as a function of tuner 
position. 

4 TUNERS 
The cavity has two plunger type water-cooled tuners. 

Two tuners provide a better field symmetry on the beam 
axis. Only one tuner is used for routine operation, the 
other one is used for preliminary frequency adjustment. 
Figures 5 and 6 show how the cavity frequency and g 
depend on tuner position. These results were calculated 
by the 3D computer code CST Microwave Studio® [6]. 

During operation, the tuner has to compensate thermal 
effects (roughly 400 kHz from cold cavity to maximum 
voltage) and beam detuning (108 kHz). That corresponds 
to plunger travel of 2.5 mm. The fiill stroke of one tuner 
is 10 mm that gives a tuning range of 1.6 MHz. 

5 FIELDS ON BEAM AXIS 
The cavity has to have very low transverse fields on the 

beam axis. Therefore we try to symmetrize pertuibations 
of an ideal cavity shape: there are two tuners 
symmetrically placed in the horizontal plane and in the 
vertical plane the input coupler is balanced by a pumping 
port optimized to minimize the vertical kick on the 
electron beam. 

Figure? presents transverse fields on the beam axis 
calculated by CST Microwave Studio®. Using these 
data, transverse kicks were calculated: 

1199 



Proceedings of the 2003 Particle Accelerator Conference 

I 

j(E^ sinkz + vBj coskz)dz 
w  

J E. cos( kz )dz 
-I 

I 

j( Ey sin kz - vB^ cos kz )dz 
-I 

J £, cos( kz )dz 

1000 

= 2.3x10""/mm. 

= 3.5x10"*. 

(The horizontal kick was calculated for the difference of 
positions of two tuners of 1 mm). 

The values of kicks are small, they are an order of 
magnitude smaller than the ERL requirement (1.6x10"^) 
[7]. 
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Figure 8: Calculated impedances of higher 
order modes. 
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Figure 7: Transverse fields on the cavity axis 
for 1 mm difference of positions of 
two tuners. 

6 HIGHER ORDER MODES 
Higher order modes of the cavity were calculated and 

the results are presented in Figure 8 (the modes having 
frequencies above cut-off frequencies of the beam pipe 
and being able to propagate along the beam pipe are not 
shown). In the ERL machine electron bunches will pass 
the cavity at the rate of 1300 MHz. Accordingly, only 
modes with resonance frequencies multiple of 1300 MHz 
can be dangerous for the beam stability. The dashed lines 
in Figures correspond to harmonics of 1300MHz. As 
one can see, there are a few modes that seem to be close 
to these frequencies but they are at least 20 MHz away 
from dangerous harmonics. Therefore no dedicated HOM 
dampers are provided in the buncher cavity. 

7 CONCLUSION 
A preliminary design of the buncher cavity for 

Cornell/JLab ERL project has been done. The cavity was 
optimized for getting a minimal wall loss and low 
transverse kick. 
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INPUT COUPLER FOR ERL INJECTOR CAVITIES* 

V. Veshcherevich^ I. Bazarov, S. Belomestnykh, M. Liepe, H. Padamsee, and V. Shemelin 
Laboratory for Elementary-Particle Physics, Cornell University, Ithaca, NY 14853, USA 

Abstract 
A conceptual design of the input coupler for 

superconducting injector cavities of Comell/JLab ERL 
project is presented. The injector cavities are two-cell 
structures operating at 1300 MHz in CW mode. The 
coupler has a symmetric design to accommodate 
requirements for small transverse kick, high RF power 
delivery to the cavity, and high input coupling value. 
Therefore it consists of two identical antenna type 
couplers symmetrically attached to a beam pipe of the 
cavity. Each coupler delivers 50 kW of CW RF power to 
the beam. The coupler has a variable coupling. Q^^ 
should be varied from 4.6x10'* to 4.1x10^ The 
symmetric design of the coupler dramatically reduces the 
transverse kick, a critical requirement for the ERL project. 
Estimates of the influence of coupler induced fields on 
beam d)'namics are given. 

1 INTRODUCTION 
The project of Energy Recovery Linac (ERL)—a 

challenging ultra-high brightness X-ray source of a new 
generation—is in the R&D stage at Cornell University 
and Jefferson Laboratory [1], [2], [3]. It should be a CW 
100 MeV machine with high average current (100 mA). 
Superconducting 1300 MHz RF structures will be used in 
the main linac and injector of this project. A goal of the 
ERL project is achieving a 2 |xm emittance for a bunch 
charge q of 77 pC and 0.2 \m\. for 8 pC at the undulator 
location. This implies emittances of about 1 |xm and 
0.1 ^m in the injector for the two different bunch charges. 

A high brightness injector [4] is a key element of this 
machine. It includes a 500 keV DC photoemission 
electron gun, a conventional buncher, and five two-cell 
superconducting RF cavities. The injector cavities should 
accelerate the beam to a nominal energy of 5.5 MeV 
(1 MeV per cavity) with minimal emittance dilution. It 
requires delivering 500 kW power to the beam (100 kW 
for each cavity). Operation with acceleration to about 
15.5 MeV (3 MeV per cavity) is also planned at a reduced 
average current (33 mA), limited by the total RF power 
available. All five two-cell cavities will be mounted in a 
single cryomodule [5]. 

2 REQUIREMENTS TO THE INJECTOR 
CAVITY COUPLER 

The parameters of the injector cavities are summarized 
in Table 1.   The injector cavity coupler has to deliver 

Table 1: Parameters of the injector cavities 

Energy of electrons, E 0.5 to 5.5 (15.5) MeV 
Beam current, /Q 100 (33) mA 
Frequency,/ 1300 MHz 
Number of cells per cavity, Nc 2 
go 
gext, nominal 

>5xl0' 
4.6x10'' 

gext, range 
R/Q 
Cavity voltage, V 
RF power per cavity, P 

4.6x10" to 4.1x10' 
218 Ohm 

1(3)MV 
150 kW 

100 kW of RF power to the beam and provide matching 
conditions for a cavity gap voltage of 1 through 3 MV and 
corresponding beam currents of 100 through 33 mA. 
Thus the external Q factor range is 4.6x 1 o" to 4.1 x 1 o' or a 
factor of 9. This coupler should be designed to withstand 
an RF power up to 150 kW CW in traveling wave (TW), 
the installed RF power per cavity. 

The main design challenges to RF power coupler of the 
injector cavity are: 

• High average RF power (up to 150 kW TW) 
• Very strong coupling (gext = 4.6x10"*) 
• Wide range of variable coupling (factor of 9) 
• Minimizing transverse kick to the beam to avoid 

emittance growth 
• Multipacting-free   (or   almost   multipacting-free) 

design 

3 COUPLER DESIGN 
We considered different options of the coupler design 

[6]. Finally, we chose a twin coaxial coupler [7], [8]. It 
consists of two identical antenna type couplers 
symmetrically attached to a beam pipe of the cavity (see 
Fig. 1).   With this approach only a half of the full RF 

* Supported by Cornell University, 
t vgv@lepp.comell.edu Figure 1: Input coupler in the injector cavity. 
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power goes through a single coupler and twice as less 
coupling is necessary (Qext = 9.2x10''). Another excellent 
feature is a good transverse field symmetry, which is very 
important for the ERL requirements—^no more than 10% 
of the emittance growth due to injector cavities. 

As individual couplers we decided to use the TTF III 
couplers [9] modified to meet our requirements. It is 
rather natural because we plan to use TESLA cavities and 
cryostats in the main linac structure. We took into 
account some of the B. Dwersteg's advices given in [10]. 

The cold part of the original coupler was completely 
redesigned. Instead of a 40 mm 70 U coaxial line, a 
62 mm 60 S2 line was chosen for getting a stronger 
coupling and better handling the high power. It is also 
multipacting-fi-ee in the fijll power range [7]. The coupler 
has a larger profiled antenna tip to provide a strong 
coupling. The travel range of the antenna was increased 
to 15 mm for getting the required coupling variation (see 
Fig. 2). In the cold window a bigger ceramic cylinder is 
used (similar to the one used in the warm window but 
with a reduced height). The weakest points of the TTF III 
coupler at high power levels are the bellows in the warm 
coaxial line. At the power of 50 kW the bellows 
temperature would reach 400 K on the outer conductor 
and 375 K on the inner conductor. This problem is solved 
in the new design by providing air cooling of both 
bellows of the warm coax line. For realizing the cooling 
of the outer conductor bellows, an additional edge-welded 
bellows unit is added to the design. It encloses the regular 
bellows and an air flow is established in the space 
between the two bellows. The general design of the 
coupler is shown in Figure 3. 

The coupler has to deliver RF power to a super- 
conducting cavity, i. e. it is a part of the cryogenic system. 
Table 2 shows the values of heat loads of a single coupler 
to the cryogenic system. 

O) 

1 E-H)6 - 
^~«»« ^ P^^s^ 

|_-  

l.E-K)5 - ^^^^^^ 
    

l.E+04- 

-20 -15 -10 -5 0 

Antenna penetration depth, nun 

Figure 2: Dependence of 2ext of a single coupler 
on the penetration of the anteima tip 
into the cavity beam pipe. The gext of 
a twin coupler is twice as low. 

Table 2: Injector cavity coupler heat loads. 

Static At 50 kW (CW, TW) 
To 1.8 K 0.05 W 0.2 W 
To 4.2 K 0.30 W 2.0 W 
To70K 6.80 W 31 W 

4 FIELDS SYMMETRY AND BEAM 
DYNAMICS 

The twin coupler design gives an excellent transverse 
field symmetry on the beam axis. There can be only 
residual transverse fields due to antermae position errors 
and errors of power and phase balance between two single 
couplers. 

Figure 3: View of the injector cavity coupler. 
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Figure 4 shows the distribution of transverse fields 
along the beam axis for 1 mm difference of antenna 
penetration depths of two couplers (for the strongest 
coupling where the response to position errors is 
maximal). The 3D computer code CST Microwave 
Studio® [11] was used for field calculations. The fields 
are normalized to the maximum accelerating field E^m on 
the axis. Integrating the fields, one can calculate the 
transverse kick for different coupler errors [7], [8]. The 
results are summarized in Table 3. For a comparison, the 
transverse kick of a single coupler is also presented in the 
table. 

Table 3: Relative transverse kick (normalized to 
the maximum accelerating voltage) due to 
twin coupler errors. 

Error in: Error 
value 

Transverse 
kick 

Relative penetration depth 1 mm 8.0x10"* 
Relative phase 1° 5.0x10"^ 
Relative power 1% 4.5x10"^ 

Single coupler 3.0x10""^ 

The influence of an injector cavity on beam dynamics 
was simulated using the 3D computer code ASTRA [12]. 
The results are shown in Table 4. 

Table 4: Beam emittance grow^ due to RF focusing 
and kick in the injector cavity with a single 
coupler and with a twin coupler. 

[pC] [MV] 
eo 

[ml [mm] [mm] 
emittance 

growth 

single 
input 

coupler 

77 1 1.0 0.6 2.0 6% 
77 3 1.0 0.6 0.9 3% 

8 1 0.1 0.6 0.6 16% 
8 3 0.1 0.6 0.3 28% 

twin 
input 

coupler 

77 1 1.0 0.6 2.0 4% 
77 3 1.0 0.6 0.9 1% 

8 1 0.1 0.6 0.6 4% 
8 3 0.1 0.6 0.3 1% 

One can see from these estimates that coupler kick 
contribution is not important for nominal bunch charge of 
77 pC but becomes noticeable in the case of ultra-low 
0.1 ^m emittances. For cavity with the twin coupler the 
emittance growth governs solely by RF focusing. 

5 CONCLUSION 
A preliminary design of the input coupler for the 

Cornell/JLab ERL injector cavity has been done. Based 
on the TTF III TESLA coupler design, it is developed for 
a much higher CW power operation. A twin coupler 
design has a very good field symmetry and meets 
stringent requirements of the ERL project. 

Figure 4: Normalized transverse fields on the axis 
of the injector cavity for a relative 
penetration depth error of 1 mm. The 
coordinate z = 0 corresponds to the 
cavity center. Eyu fi^i and Ey2, B^ 
were calculated respectively for shorted 
and open coupler. 
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LINEARIZATION OF THE FERMILAB RECYCLER fflGH LEVEL RF* 
J. Dey*, S. Dris, T. Kubicki, J. Reid, FNAL, Batavia, IL 60510, USA 

Abstract 
In studying the Recycler high level RF, it was found 

that at 89 kHz, the lowest frequency required by the 
system, some nonlinearities in magnitude and phase were 
discovered. The visible evidence of this was that beam 
injected in a barrier bucket had a definite slope at the top. 
Using a network analyzer, the S-parameter Sj, was 
realized for the overall system and from mathematical 
modeling a second order numerator and denominator 
transfer function was found. The inverse of this transfer 
function gives our linearization transfer function. The 
linearization transfer function was realized in hardware 
by summing a high pass, band pass and low pass filter 
together. The resulting magnitude and phase plots, along 
with actual beam response will be shown. 

INTRODUCTION 
The recycler high level RF system [1] has four stations 

producing a total of 2000 peak accelerating volts.  Each 
station consists of a broadband 3.5 kilowatt RF (10 KHz- 
100 MHz) solid-state amplifier, 50fi ferrite loaded 
cavity, and a feedforward circuit that is used to 
compensate for the droop induced by the AC coupled 
amplifiers and the low frequency response of the cavities. 
It was discovered through beam studies that the beam 
profile exhibited a slope from unequal beam charge 
distribution between a barrier bucket (Fig. 1.) After some 
investigation, a small parasitic 89 KHz Qi =1 harmonic 
component) sinusoidal component was found imposed on 
the RF vector sum of all four RF stations. 

Tekstop 
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Figure 1: Recycler Barrier Bucket (blue) and Beam 
Profile (red) before Compensation 
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Figure 2: Nonlinear Region of the Recycler 
High Level RF 

Using an Agilent 8753 ES Network Analyzer, the 
system's frequency response was measured using the 
vector RF sum signal from four cavities and is shown in 
Figure 2. The nonlinearity in magnitude and phase was 
found to be 1.1 dB and 6.26° in phase fi'om 90 kHz to 180 
kHz. Most of the error in flatness is due to the Amplifier 
Research 3500A100 Broadband RF Amplifier. The goal 
was to linearize the frequency in the region from 90 kHz 
to 1 MHz with a flatness in amplitude of 0.26 dB and 1.8° 
in phase. Using the program Filter Light® 2.1, we were 
able to quickly realize that a second order high pass 
Chebyshev 1 Filter (Eq. 1) was a close approximation to 
the transfer function shown in Figure 2. 

r +9.7x10^ 5+4.5x10 10 (1) 

Taking the inverse of transfer function Equation 1 
yields transfer function Equation 2, a good starting point 
in creating a compensation network that would flatten out 
the low-end response. 

5^ + 9.7x10^5+4.5x10 10 

(2) 

♦Operated by Universities Research Association, Inc. for the U.S. 
Department of Energy under contract DE-AC02-76CH03000. 
'dey@fhal.gov 
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Error-based Optimization 
Taking the 801 Sj, points (10 kHz to 999.6 kHz) from 

the Network Analyzer and multiplying them by the 
linearizing function for each frequency, gives the 
compensated response. These results were analyzed at 
90 kHz intervals from 90 kHz to 990 kHz to find the 
smallest root mean square percentage error. By 
iteratively making changes to the linearizing function, a 
new linearizing function (Eq. 3) was found that gave the 
smallest compromise in magnitude and phase for the root 
mean square percentage error. 

10 r+ 1.8x10^^ + 6.2x10 
5' + 1.26xl0'5+4xl0' (3) 

By breaking the transfer function (Eq. 3) into three 
parts, using the same common denominator, three filters 
could be constructed and summed together. The s^ term 
in the numerator is a Second Order High Pass Bessel 
Filter (Fig. 3.) The s term in the numerator is a First Order 
Band Pass Butterworth Filter (Fig. 4.) The constant term 
in the numerator is a Second Order Low Pass Matched 
Filter (Fig. 5.) 

0.5369uF 

232.8uH 

s^ + 1.26xl0^s+4xl0^ 

Figure 3: Second Order Term Filter 

0,3I5uF 793,7uH 

1.26 X 10^ s 

s^ + 1.26xl0^j+4xl0^ 

Figure 4: First Order Term Filter 

2.684mH 

01863uF 

4x10^ 

s^ +1.26x10^5+4x10^ 

Figure 5: Constant Term Filter 
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Figure 6: Block Diagram of Linearizing Circuit 

IMPLEMENTATION 
The filter program was used to implement the 

individual parts of the transfer function. Each section was 
found by applying the appropriate filter type that would 
implement each numerator term. Once this was found, 
the filter program allowed the user to change the values of 
the capacitors and inductors. The program has the 
capability of generating a new transfer function fi-om 
these values of components. This transfer function was 
compared to the theoretical model. It was necessary to 
find three separate functions that implemented the 
numerator term over a common denominator. 
Coefficients in front of the different terms were corrected 
by the appropriate amount of gain (Fig. 6.) 

The theoretical values of the phase obtained from the 
mathematical modeling of each part of the compensation 
transfer function were used as a basis to compare how 
well the real circuit approximates the ideal circuit. The 
phase component of each part was calculated at 89 kHz 
and up to the 11* harmonic. Measurements of each part 
of the compensated transfer function's phase were 
compared to the ideal phase results. The capacitor and 
inductor component values were changed to better 
approximate the ideal case for each part. This iterative 
process was used until the best approximation of the ideal 
transfer function was found for each case. The circuits 
were built using surface-mounted capacitors and 
inductors. Using surface-mounted parts enabled a closer 
approximation of ideal component values, since parasitic 
lead inductances are much less. 

The construction of the compensation circuit required 
the use of two 3-way resistive power dividers/combiners, 
amplifiers, fixed value and variable attenuators, and the 
filter circuits to realize the function. The second order 
high pass filter for the s^ term requires no gain adjust. The 
First Order Band Pass Butterworth filter required 3.1 dB 
of gain to realize the s-term part of the compensated 
transfer function. The Second Order Low Pass Matched 
filter required 23.8 dB of gain to realize the constant term 
of the compensated transfer function. The amplifiers used 
were Mini-circuits ZHL-32A with 25 dB of gain. 
Variable attenuators were placed at the output of both 
amplifiers, while an additional 10 dB attenuator was 
placed with the amplifier and variable attenuator that 
controlled the gain for the s-term of the compensated 
transfer function. 
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Figure 7: System's Response after Compensation 

Phase matching of each section is very important to 
ensure that the individual transfer functions add up 
algebraically. Otherwise, the compensation transfer 
function will be a vector sum of all the components, and 
this would not realize the correct compensation transfer 
function. Figure 7 is the final compensated system 
response using the new linearizing circuit. The 
improvement in magnitude and phase at 90 kHz is readily 
apparent when compared to Figure 2. 

CONCLUSION 
Final adjustments to the system were made with beam 

(Fig. 8) in the Recycler. While looking at the beam in the 
Recycler, the slope in the beam profile can be corrected 
by using the variable attenuators. The variable 
attenuators provide the flexibility to simultaneously 
compensate for the magnitude and phase response that 
will ensure a linear beam profile. In the event that 
components in the high level RF Recycler system need to 
be changed, the compensation network can be quickly 
adjusted to account for any differences. Long-term 
stability looks good, as no major adjustments have been 
necessary to date. Further operational experience will 
determine long-term stability. 

|]D~-' 
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Figure 8: Recycler Barrier Bucket (blue) and Beam 
Profile (red) after Compensation 
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COUPLER DESIGN FOR NLC/JLC ACCELERATING STRUCTURES 

I. Gonin, D. Finley, T. Khabiboulline, N. Solyak 
FNAL, Batavia, IL 60510, USA 

Abstract 

In the framework of the NLC/JLC collaboration, Fermilab 
is working on developing the technology for X-band 
accelerating structures. One key element of a structure is 
the input/output coupler. The coupler should provide not 
only good power transmission from the waveguide to the 
structure, but also should not limit the high gradient 
performance of the accelerating structure itself There are 
other special requirements for designing high power 
input/output couplers: reliability; cost; sensitivity to 
errors; trapped HOM; etc. In this paper we discuss the 
HFSS simulation of different types of couplers for 
JLC/NLC accelerating structures. We compare the surface 
electric and magnetic fields, field asymmetries, pulsed 
heating, presence of trapped modes and the complexity of 
production. Results of RF measurements and high 
gradient tests show good agreement with the design 
parameters. 

INTRODUCTION 

The emphasis of our present study at FNAL is on the 
production of two series of traveling-wave structures 
(FXB and FXC) required for tests at the NLCTA, the 
operation of the 8-Pack project, and the study of 
breakdown issues. The FXB structures have 60cm length, 
synchronous phase advance 5nl6, average ratio a/X,=0.18, 
with an initial Vg/c=0.03. The FXC structures have a 
decreased ratio of a/X=0.17, and all features for damping 
of HOM (slotted cells, HOM manifolds, etc.). Previous to 
FNAL's involvement in the process of conditioning the 
structures at SLAC, two main reasons of RF breakdown 
were discovered: in or near the input coupler, and the first 
few cells. RF breakdowns were associated with surface 
damage in areas of maximum surface electric field, and in 
areas of high magnetic field leading to plastic 
deformations due to pulse heating. We decided to design 
the FNAL structures with two different types of couplers 
that address the problems mentioned above instead of 
using the previous coupler design [1]. FXB002 and 003 
used the "fat lip" coupler, a modification of the standard 
coupler made by rounding the coupling slot irises to 
minimize the surface magnetic field. For FXB004-006 
and for all FXC structures, we will use waveguide 
couplers. This paper discusses the different aspects of 
coupler designs. 

COMPUTATIONAL MODEL 

The optimization cycle used to process each coupler 
design is shown in Fig.l. Solid models of different 
couplers are presented in Fig. 2. We match the "fat lip" 
coupler by varying the coupler cell diameter, the diameter 
of the coupler cell iris, and the width of the coupling slot. 
We match the waveguide coupler by varying the iris 
diameters of the coupler and matching cells, the coupler 
iris thickness, and the matching cell diameter and length. 

Fig. 1: The optimization cycle 

The main program of the optimization cycle is based on 
the procedure described in [2]. For each step of the cycle, 
the program calculates the reflection coefficient in the 
regular cells of the structure based upon two selected 
coupler parameters. Depending on the gradient direction, 
the program defines each parameter's new value. This 
procedure is iterated until the residual value of the 
reflection coefficient is small enough. 

As well as the reflection coefficient minimization, other 
coupler parameters including amplitude and phase 
distribution, electric and magnetic surface fields should 
also meet the design requirements. We use a Mathcad 
program to help us analyze some of those requirements. If 
some of the parameters are unsatisfied, the computation 
can be restarted with new initial values. 
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This procedure is repeated until all of the main coupler 
parameters reach an acceptable range. 

b. 

c. 

Fig.2: a. Solid model of the FXB "fat lip" coupler. 
b. Solid model of the FXB waveguide coupler. 
c. Solid model of the FXC waveguide coupler. 

DISCUSSION OF DESIGN RESULTS 

Using the procedure described above, three sets of input 
and output couplers for FXB and FXC structures were 
designed. FXB "fat lip" and waveguide couplers were 
produced and tuned. Designed and measured amplitudes 
of electric fields on the coupler's axis and in the first few 
regular cells are shown in Fig.3. Good agreement 
between designed and measured values is shovra. 

The electric and magnetic fields for both kinds of 
couplers are shown on fig. 4. There is a difference in 
surface field between waveguide and "fat lip" couplers. 
The maximum of both electric and magnetic fields in the 
waveguide coupler and the matching cell are less than in 
regular structures. The electric and magnetic fields are 
about 10% and 15% lower respectively. The surface 
electric field in the "fat lip' coupler can be decreased, 
compared with regular structures, by a proper choice of 
coupler dimensions. For the given design, the maximum 
field in a coupler cell is 10% lower. However, the surface 
magnetic field on the slot iris (see Fig.4 b.) is greater by 
about 30% than the maximum value in a regular cell. 

ANSYS simulations of thermal-stresses on the coupler 
surfaces are presented in the table in Fig.5. The 
temperature and stresses are calculated for a 400 ns power 
pulse, for a given distribution of density of power 
dissipation on the surfaces (HFSS simulation). 

100 

Fig.3: The designed and measured amplitude of electric 
field distribution for FXB "fat lip" (upper) and waveguide 

(lower) couplers 

a.. b. 

Fig. 4: Magnetic and electric fields in couplers and the 
first few cells. 

a. FXC waveguide input coupler. 
b. FXB "fat lip" input coupler. 

H,A/M P/S, 
VA/m**2 

T,C EQV. stress, 
Mpa 

3.0E+5 1.26E+9 24 42 
3.3E+S 1.S2E+9 30 50 
4.0E+S 2.23E+9 44 74 
5.0E+5 3.49E+9 70 120 

Fig. 5: Maximum values of temperatures and equivalent 
stresses for a given level of magnetic field. 
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For FXB structures with waveguide couplers, the 
maximum value of the magnetic surface field inside the 
regular part of structure is about 3.0*10' A/m (~24°C). 
For FXB structures with "fat lip" couplers, the maximum 
value in the coupler coupling slot iris is about 30% higher, 
and the maximum temperature is about 40°C. For FXC 
structures, the magnetic field reaches a maximum value of 
3.5*10' A/m on the rounded coupling slots. This field 
level correspond to a temperature of ~34°C. For all cases 
the maximum value of equivalent stress is less than the 
yield point of copper, about (~70Mpa). 

TRAPPED HOM's IN STRUCTURES 

To control multi-bunch instabilities caused by high 
order modes (HOM's) in NLC accelerating structures, the 
design incorporates detuning as well as damping through 
slots into manifolds along most of the structure. One or 
possibly a few cells near the coupler might be uncoupled 
fi-om the manifold. If for some reason, HOM's are 
trapped in these uncoupled cells, the transverse wake 
fields compared to those in the original design can 
increase considerably. All coupler designs were inspected 
for possible trapped HOM's. As an example, Fig.6 shows 
the spectrum of HOM's for the matched FXC structure 
with waveguide couplers (Fig. 2c). 

Both polarizations were studied, with EH and HE 
boundary conditions. For each resonance peak, the E-field 
pattern was investigated. We have no indication of any 
trapped HOM's in this particular structure. 

COUPLER PRODUCTION 

All designed couplers are precision machined at Medco 
and LaVezzi Inc., our two major suppliers. The "fat lip" 
input coupler is shown in fig.7. 

Fig. 7: "Fat lip" input coupler main body and plate. 

By simplifying the design and lowering tolerance 
requirements, the waveguide coupler is, according to our 
estimation, about 25% less expensive than the "fat lip" 
coupler. 

CONCLUSIONS 

A procedure for quick and accurate coupler design is 
presented. Three series of couplers for structures for tests 
at the NLCTA were designed and produced. FXB 
structures with "fat lip" couplers were tuned and tested. 
See [3] for more details. FXB structures with waveguide 
couplers were tuned and will undergo high power 
processing in June 2003. Waveguide couplers for FXC 
structures have been designed. 

We would like to thank V. Dolgashev (SLAC) for 
providing software and for useful discussions. 
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DEVELOPMENT OF X-BAND ACCELERATING STRUCTURES AT 
FERMILAB 
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G. Romanov, B. Smith, N. Solyak, Fermilab, P.O.BoxSOO, Batavia, IL 60510, USA. 

Abstract 
The RF Technology Development group at Fermilab is 

working together with the NLC and JLC groups at SLAC 
and KEK on developing technology for room temperature 
X-band accelerating structures [1] for a future linear 
collider. We have built a few 60cm long, high phase 
advance, detuned structures (HDS or FXB series). These 
structures have 150 degrees phase advance per cell, and 
are intended for high gradient tests. The structures were 
brazed in a vacuum furnace with a partial pressure of 
argon, rather than in a hydrogen atmosphere. We have 
also begun to build 60cm long, damped and detuned 
structures (HDDS or FXC series). Our goal is to build 
many structures for the 8-pack test at SLAC by the end of 
2003, as part of the JLC/NLC effort to demonstrate the 
readiness of room temperature RF technology for a linear 
collider. This paper describes the design, fabrication 
techniques, RF measurements and tuning, as well as the 
initial results fi-om high gradient testing of an FXB 
structure. 

INTRODUCTION 
The first structures buih at Fermilab were proposed and 

designed by SLAC RF group [2]. The initial goal of the 
Fermilab group was industrialization of NLC type 
structures. Subsequently, the RF group was formed and 
we developed extensive infrastructure (clean room, RF 
Lab, vacuxmi fumaces, chemistry, tooling etc.), and we 
have started to participate more deeply in structure 
development. We developed initial production techniques 
by making short 20cm long FXA structures, and we 
further honed the technology by building numerous 60cm 
long detuned structures (FXB series, or H60VG3S18) for 
high gradient testing. Two FXB's were successfully tested 
at SLAC/NLCTA. We are now developing the FXC 
structure, which will incorporate damping and thus will 
have every feature needed for an NLC ready structure. 
Our goals include: verification of SLAC's cell dimension 
table, design of input/output couplers, development of 
mechanical quality assurance, and RF quality control on 
each step of production including final tuning. Also, some 
effort will be spent on R&D on movable supports 
(girders), which constitute the basic cell in the main linac. 
Temperature stability and vibration measurements 
together with FEA simulations are ongoing activities on 
the subject. 

STRUCTURE DESIGN 
For the FXB structure we designed two different types 

of couplers: the conventional "fat lip" coupler, and a 
waveguide coupler. Results of simulations of the input 

and output couplers and HOM simulations of trapped 
modes are reported elsewhere at this conference [3]. 

STRUCTURE FABRICATION 
The RF structures are fabricated in the "RF Structure 
Factory", an infrastructure built at the Fermilab Technical 
Division [4]. The RF structures group's goals for the RF 
Factory are: RF Design, RF Disk Fabrication & Quality 
Assurance (QA), RF Structures Fabrication & QA, and 
Infrastructure Setup for all of the above. Major 
infrastructure of the factory consists of two clean rooms 
(Room A is class 3000 and Room B is class 1000); two 
vacuum fumaces inside a soft-sided clean room, a clean 
room leak detector, a turbo pump station, a residual gas 
analvzer, anaerobic chambers etc. 

,7^ 

Fig.l. Clean room B (a), and an FXB structure in the large 
vacuum furnace (b). 

The structures group's original mission was to develop 
industrialization of the structure manufacturing process. 
This included developing vendors to supply structure 
component parts and developing vendors to supply 
assembled structures. The mission has evolved into the 
above, plus as a higher priority, the group is to supply test 
structures in support of the Eight Pack Program at SLAC. 
Structure production started with 20-cm long traveling 
wave structures. We have produced three structures: 
FXA-001, FXA-002 and FXA-003. The RF design is 
identical to the SLAC T20VG5 structure. However, FXA 
structures are all brazed; no diffusion bonding used. The 
RF disks are precision machined; no diamond turning is 
done. Couplers are precision machined with some 
diamond turned RF surfaces in the iris area. FXA-003 was 
totally brazed and fabricated at Fermilab using the small 
and large vacuum fumaces. FXA stmctures were not high 
power tested. 
We are currently producing 60-cm long traveling wave 
FXB stractures. The design is identical to SLAC 
H60VG3N stmcture except for brazing grooves in the 
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disks. Disks and couplers are precision machined at 
Medco and LaVezzi Inc., our two major suppliers. The 
outer diameter of FXA disks is 45 mm, and that of FXB 
disks is 61 mm. The 60-cm structure length for FXB's 
required new tooling. Fat-lipped and wave-guide couplers 
were designed in order to reduce pulsed heating. Disks 
and couplers were chemically etched with the SLAC CGI 
procedure to remove any surface impurities. FXB-002 and 
FXB-003 were high power tested at the NLCTA at SLAC. 
The FXB-002 accelerating gradient was acceptable, 
although the processing of this structure was not finished. 
FXB-003's breakdown rates are lower than FXB-002. 
FXB-004 was totally fabricated in the RF Factory using 
proper clean room handling and furnace procedures. It is 
currently at the NLCTA and it will be tested in June 2003. 
We will produce two more FXB structures. All successful 
FXB structures can be used for the Eight Pack Test. 
After completing the FXB structures, we will produce five 
60 cm long FXC structures. These will have High Order 
Mode (HOM) manifolds on the RF disks and HOM 
couplers on the RF structures. Fermilab waveguide design 
(FWG) couplers will be used. The successful FXC 
structures will also be used for the Eight Pack Test. The 
design is identical to SLAC H60VG3S17 structure except 
for the brazing grooves in the disks. We will continue 
with the "all brazed" assembly approach. We redesigned 
the braze groove due to HOM manifolds in the disks. 

RF CELL QUALITY CONTROL 
To verify the accuracy of machining the cell parts, we 

do a so-called "single cell microwave QC" [5]. The 
particular design of our single cell QC set-up has been 
determined by the fact that the cells are machined in the 
form of "cups" to allow room for tuning holes. So we 
need an additional half-cell to measure the frequencies of 
"0"-like and "3t"-like modes. 

The "cup" shape of cell parts and the tapering of 
structures have resulted in the impossibility of performing 
direct absolute frequency measurements. We have to 
make a large number of very fine simulations of set-ups, 
prepare and verify master cups for comparison, and 
perform control measurements of short stacks every time 
we get a different cell design in order to avoid possible 
systematic errors. 

Basically, the set-up consists of two flat ground blocks 
with a cup and a half-cell in between them. We decided to 
use a replaceable half-cell part despite the additional 
contact surface in order to facilitate the use of different 
half-cells for different cup designs. The ground blocks 
have offset antenna axes that permit the measurement of 
both the fundamental modes and the HOM frequencies. 
Fig.2 shows the set-up. 

During the measurements the network analyzer is 
operated and controlled by a PC, or more precisely, by a 
program written in Lab View. The program has a simple 
and convenient interface, which permits the online control 
of all parameters being measured and saves the result as a 
file, which can be opened by Excel. 

c)! 
Fig.2. a) Schematic view, b) Bottom block and upper 
floating block, c) General view of set-up. d) Cup and half- 
cell installed on bottom block. 

We have achieved an accuracy + 0.2 MHz (random 
errors) for fi-equency measurements and ±3% for Q-factor 
measurements. One cup can be measured (four modes) in 
35 seconds, but the necessity of careful handling and 
visual inspection of cups increases the time to 1-1.5 
minutes per cup. 

Fig. 3 shows the typical results of cell quality control. 

FXB disks. Deviations from calculated "Pi"- 
  mode 

Fig.3. The cell quality control of six disk sets fi-om two 
vendors. D3-D5 - machined at Medco, E1-E3 - machined 
at LaVezzi Inc. 

BEAD-PULL MEASUREMENTS AND 
STRUCTURE TUNING 

After final brazing, the structure needs to be tuned to 
the working frequency. Bead-pull measurements, which 
are based on the non-resonant perturbation method [6], 
are used for measurements of the accelerating field 
amplitude and phase distribution along the structure axis. 
Continuous nitrogen flow through structure is appHed 
during whole tuning process; Fig.4 shows the bead-pull 
setup. Operating fi-equency calculations take into account 
air pressure, structure temperature and frequency shift due 
to the fishing line, which holds the metal bead. To 
minimize the error due to fishing line nonuniformity, we 
used the difference of two measurements: with and 
without the bead. 

Fig. 5 shows the results of the Lab View program, 
which acquires the Network Analyzer data and displays 
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Fig.4. Bead-pull set-up in clean room A. 
The reflection coefficient Sll during the pulling of the 
bead along the structure axis. The structure tuning 
technique [7] calculates forward and backward waves in 
different parts of the structure. For output coupler tuning 
we use minimization of the backward wave in the last 
cells. As the last step we tune the input coupler and 1-st 
cell to minimize the power reflected from the structure. 
After tuning, the SWR in the structure is less than 1.06 
(Fig. 6) and the phase error is less than 2 degree (Fig.7). 

a   OO .25 .20 -15 -10 ^ a   'X-a-a-a-ia ^   o    5   W is » 35 30 O   -X-35-a-15-ja S   0   5   101S2625 3( 

Fig.5. Sll trajectory during bead-pull before (a) and after 
(b) RF tuning of FXB-004. 

Bead position, mm 

Fig.6. Amplitude distribution along tuned FXB-003. 

HIGH GRADIENT TEST 
Two FXB structures were high power tested at the 

NLCTA at SLAC. The first structure (FXB-002) reached a 
65 MV/m accelerating gradient with a 400 nsec pulse 
length after 300 hours of processing. After testing, a 
visual horoscope inspection showed small breakdown 
spots in the surface of irises 2 to 20 but nothing in the 
input and output couplers. Bead-pull measurements did 
not show any degradation in the accelerating field 
distribution after the high power (HP) test as shown in 
Fig.7. 

2.5 
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- After HP test. 04 March 2003. 

- After Baking. 01 May 2003. 

Fig.7. History of the phase distribution in FXB-002. 

Fig. 8 shows the first 50 hours of high power testing of 
the second structure (FXB-003) and it looks pretty good 
[8]. Further FXB-003 HP processing is continuing with a 
pulse length of 400 nsec and accelerating field of 70-75 
MV/m, which meet the NLC specifications. 

ll6()V(i3JXB3 I'locossiiiii llisioi-N 

Irmo with Rl Oiuhr) 

Fig.8. FXB-003 High Power processing. First 50 hours. 

SUMMARY 
We have developed at Fermilab the infrastructure and 

design and fabrication capabilities to allow us to built one 
accelerating structure per month for R&D toward the 
NLC. We have produced many 60-cm detuned structures 
and have started fabrication of 60-cm detuned damped 
NLC ready structures for the 8-pack test. High gradient 
tests at the NLCTA have demonstrated very good 
performance of the Fermilab built structures. 
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Abstract 
The third harmonic 3.9 GHz superconducting cavity 

was recently proposed by DESY for a new generation of 
high brightness photo-injector (TTF photoinjector-2) to 
compensate nonlinear distortion of the longitudinal phase 
space due to RF curvature of the 1.3 GHz TESLA cavities 
[1,2]. Installation of the 3"* harmonic cavity will allow us 
to generate ultra-short (<50 ^m rms) highly charged 
electron bunches with an extremely small transverse 
normalized emittance (<1 |xm). This is required to support 
a new generation of linear colliders, free electron lasers 
and synchrotron radiation sources. In this paper we 
present the current status of the 3"* harmonic cavity being 
developed at Fermilab. We discuss the design procedure, 
the building and testing of the copper and niobium half- 
cells and components, the design of input and HOM 
couplers. 

INTRODUCTION 
The design philosophy of producing highly charged 

bunches is based on using a long laser pulse to pull a long 
bunch from the photocathode and thereby reducing the 
deleterious space charge effect. However, in the 
accelerating section, the sinusoidal accelerating field 
profile distorts long bunches. The purpose of the 3"* 
harmonic de-accelerating section is to compensate for this 
distortion. In this manner, the injector should generate 
nC-bunches at an emittance that is four times lower than 
what existing injectors typically produce. 

Fermilab, as part of the TTF collaboration, participates 
in developing and testing 3'''' harmonic cavities at the 
existing FNPL photoinjector [3]. A number of USA 
institutions have expressed interest in specific facets of 
the photoinjector program and intend to form a 
collaboration to build and operate a 100+ MeV high- 
brightness electron photoinjector at Fermilab. 

CAVITY DESIGN 

Design parameters 
The first design of the 3.9 GHz cavity was proposed 

by DESY[4]. The cavity consists of nine cells with an 
elliptical cup shape with a 30mm diameter iris and a 
40mm diameter beam pipe. However, Fermilab 
calculations done for this design show that the coaxial 
input coupler has to be mounted very close to the end cell 
to provide the necessary coupling. In an improved design, 
the iris diameter of the end-cell was increased to 40mm 
with increased distance from the end-cell to the input 
coupler (Table 1). This leaves more space for welding and 
mounting of the helium vessel flange. The field 
distribution in the half-cavity is shown in Fig.l. The 

design  parameters   of the   3"^  harmonic   section  are 
presented in Table 2. 

Table 1: Geometry of the cups. 
Dimensions in mm 
Iris radius, a 
Equator radius,   b 
Half-cell length, h 
Curvature at: 
Equator-hoTz/veTt semi-axis 
Iris     - horz/vert. semi-axis 

mid-cell 
15.0 

35.787 
19.2167 

end-cell 
20.0 

35.787 
19.2167 

13.6/15.0 
4.5/6.0 

14.4/15.0 
4.5/6.0 

^mm  mms^  m^^  im^  ^. 

m 
•K--^^ 
i Vi 

1^ -i ISI 

M 
:;^ 

V 
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Fig.l. E-field (from the top: in cavity, on axis and on 
surface) and H-field on surface (bottom). HFSS. 

Table 2:   3.9 GHz section parameters. 
Number of cavities 4 
Active Length m 0.346 
Gradient MV/m 20 
Phase degree -179 
R/0 Ohm 375 
Qext for accelerating mode 9.5e+5 
BBU limit for HOM. 0 <l.e+5 
Total energy MeV 20 
Beam current mA 9 
RF power/per cavity kW 11.5 

Lorentz forces 
Lorentz forces, caused by electromagnetic fields, may 

change frequency during the RF pulse. An ANSYS 
analysis, made for niobium half-cells with fixed 
boundaries, shows frequency shift of 90Hz for a 2.8-mm 
thickness and ~200Hz for a 1.5mm thickness. (Fig.2). 
Electric and magnetic surface fields were taken from 
HFSS calculations. If free boundaries are assumed, then 
the frequency shift will be one order of magnitude higher. 
However, comparison calculations with the experimental 
results for TESLA and CKM cavities show, that the fixed 
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boimdaries assumption is more realistic. These 
calculations show that the rigidity of the cavity, fabricated 
from 2.8mm thick niobium is high enough, even without 
stiffening rings. 

Fig.2. Distribution of surface displacement. 

FABRICATION OF COMPONENTS 

Forming of half-cells 
For cup production two different processes are under 

development. For the conventional deep drawing process, 
we built a set of dies, machined from 7075-T6 aluminum 
alloy and formed the cups, using 2.8-mm-thick; niobium 
(RIUl 300+) or copper blanks. (Fig.3). To get the required 
curvature at the iris, the nose of the cup is then coined [5]. 
An alternative process is hydro-forming of the cups. 
Advanced Energy Systems, Inc. is developing this process 
for the 3"* harmonic and CKM cavities. 

Fig.3. Tooling. Copper and niobium half-cells. 

Using the deep drawing technology, many copper and 
niobium cells have been produced. The shape was 
carefully monitored on a CMM machine. First results 
show large profile errors of ~200nm, predominately near 
the iris, where the radius of curvature is only 4.5 mm. 
This deviation causes a frequency error of ~15 MHz. The 
best and repeatable results were achieved by intermediate 
annealing followed by re-coining and re-stamping (Fig4.). 
All 22 copper and 6 niobium cups, produced with this 
improved technology, have < IMHz dispersion in 
frequency. The actual frequency is well correlated with 
the length of the cell. 

I 
I 
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Fig.4. Deviation from design shape after drawing+coining 
(red), and following annealing+coining+drawing (blue). 

Welding of Dumbbells 
Twelve niobium cups were formed to help develop the 

forming and welding technology. Electron-beam welding 
parameters were optimized for iris and equator welds 
(Fig.5). The measured weld shrinkage was ~0.3mm/joint 
at the iris and ~0.2mm/joint at the equator with deviation 
of ±10%. Annealed half-cells had higher shrinkage, but 
more tests are needed to finalize EBW characteristics. 

I'f. 1.","!..":'r," " tf 12«iI?,•z mi 

Fig.5. Welded dumbbells 

Cavity tuning 
After fabrication, the cavity has to be tuned to obtain 

the design frequency and field flatness. Limitations in the 
space between cup pairs, makes it difficult to use a 
conventional tuning system. A more adequate solution is 
obtained by squeezing the equator diameter instead of 
changing the cell length [6]. This type of tuner was 
designed, built and tested (Fig.6). The tuning clamp 
consists of 8 curved steel sectors, sliding on a chain. The 
chain length can be adjusted by a screw. Since the irmer 
surface of this clamp conforms to the cell shape, 
longitudinal lengthening of the cell is minimal. During the 
test, a niobium cell was easily tuned up to 35 MHz, which 
is a higher than our goal. 

Fig.6. Frequency tuning device. 
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Copper model 
Building a copper model is the first step in developing 

fabrication, tooling, RF control and tuning. Copper and 
niobium have similar mechanical properties, but copper is 
cheaper and has a higher conductivity at room 
temperature. A general view of the copper model and 
some components are shovra in figure 7. 

Fig.7. Cavity, end-tubes, dumbbells and HOM couplers. 

End-tubes are decoupled from the cavity body to give 
us the ability to rotate or replace components if needed. 
HOM couplers are also rotatable. Measured RF properties 
of the coupler are in a good agreement with the 
calculations. All components are brazed, tested and ready 
for final brazing. 

Input coupler 
Fig.8 shows the design of the coaxial, adjustable input 

coupler, we are developing for 3.9GHz cavity. This is 
son coaxial line with a 30mm outer diameter to prevent 
the excitation of asymmetrical modes. For the cold 
window, we adopted the cylindrical ceramics of TESLA's 
coupler. For the warm window we are planning to use a 
standard waveguide window designed by CPI for a 3.9 
GHz klystron. 

Fig. 8. Coaxial input coupler. 

The coupler has pick-ups and light detection and is 
designed with DC biasing to suppress multipactor (MP). 
A lower power level should facilitate MP problems, but 
we   need   more   detailed   calculations   to   prove   this 

statement. Bellows, in the assembly, allow us to move the 
antenna back and forth (+2.5mm) and adjust Qext by a 
factor of five. The current design is quite complicated and 
after a discussion with W.D. MoUer, we are working on a 
simple non-adjustable version of this coupler. 

HOManalysis 
Trapped High Order Modes (HOM) may excite BBU 

instability in the accelerator. Beam dynamics analysis 
gives us an upper limit of Qext (Table.2). Using HFSS, 
we have analyzed high order modes in 2-D model (R/Q 
calculations) and 3-D (R/Q and Qexiemai) up to 9 GHz 
[7,8]. 3-D geometry includes the input coupler and two 
HOM couplers with mirrored symmetrical antennas. The 
cavity in this model is excited by the beam with 2 mm 
vertical or horizontal off-sets. Analysis shows that if we 
apply electric or magnetic boundaries at the end of cavity, 
then few modes in the third passband have Q_ext above 
the BBU limit. For a more realistic assumption, "open" 
boundaries, all dipole modes in three first pass-band will 
be significantly damped with the maximal Qext=2400 
(figure 9). 

3.5      4.0      4.5      5.0      6.5       6.0       8.5      7.0       7.5      8.0      8.5      9.0      9.5 

Fig.9. Field amplitude in cavity (dB) vs. frequency (GHz). 

CONCLUSION 
Fermilab is making good progress in developing a 
superconducting 3.9 GHz accelerating cavity [9]. 
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MULTI-HARMONIC RF CONTROL SYSTEM FOR J-PARC RCS 
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Figure 1: A simulated flat bunch generated by using 
the momentum-offset injection scheme and applying the 
second-harmonic voltage (V2/V1 = 0.8). 

taken into account and the means of loading compensation 
are discussed. 

Fumihiko Tamura, Masanobu Yamamoto, JAERI, Tokai, Japan 
Alexander Schnase, Forschungszentrum Juelich, Juelich, Germany 

Chihiro Ohmori, Akira Takagi, Tomonori Uesugi, Masahito Yoshii, KEK, Tsukuba, Japan 

Abstract 

The RF cavity of J-PARC Rapid Cycling Synchrotron 
(RCS) has a low Q value and a wide band which covers the 
frequency from the accelerating frequency to the second 
harmonic frequency. The cavity is driven by a compos- 
ite signal of the fundamental RF and the second harmonic 
RF. The system acts as a bunch shaping system as well 
as an accelerating system. In this presentation, a multi- 
harmonic RF control system is studied. The signal pro- 
cessing is based on a combination of digital hardware like 
16 bit multipliers, arithmetic units, and FPGAs with com- 
mercially available signal processors. The beam loading 
compensation is a critical issue because of the high beam- 
current in the ring. The RF feedforward compensation sys- 
tem is discussed. Also the stability is discussed under the 
beam feedback loops. 

INTRODUCTION 

Japan Proton Accelerator Research Complex (J-PARC) 
is a project of a high-intensity accelerator complex which 
consists of 400 MeV linac, 3 GeV rapid cycling syn- 
chrotron (RCS), and 50 GeV synchrotron (MR). 

The RCS accelerates the beam from 180 MeV (will be 
400MeV) to 3 GeV in 20 msec. The harmonic number of 
the RCS is 2, and the number of the bunches in the ring is 2 
for RCS users and 1 for the MR injection. The fundamen- 
tal accelerating frequency varies from 0.94 to 1.67 MHz. 
The maximum accelerating voltage is 435 KV by 12 RF 
cavities. The average circulating beam current is from 3.8 
amperes at the injection and 6.7 amperes at the extraction. 

Since the beam current is high, the bunching factor must 
be as large as possible to alleviation the space charge 
effects. We employ two techniques as following; (1) 
the momentum-offset multi-turn injection scheme and (2) 
making a wide potential well by superposing the second- 
harmonic (/i = 4) RF voltage. At the injection, the second 
harmonic voltage is relatively high as ^2/^^! > 0.5 where 
Vi and V2 are the fundamental and the second harmonic RF 
voltage respectively, to make the bunch shape flatten effec- 
tively (as shown in Figure 1). The fundamental and the 
second harmonic RF voltages are fed into the same cavity. 
We employ a magnetic-alloy (MA) loaded cavity without a 
tuning loop to realize a high accelerating voltage. Hence, 
the cavity must be wide-band and must have a low Q-value 
to cover the frequency range from the fiindamental to the 
second harmonic frequencies. The Q-value of the RCS cav- 
ity is to be about 2. 

The LLRF controls for this multi-harmonic system are 
discussed. Also, a scope of multi-harmonic beam loading is 

MULTI-HARMONIC LLRF SYSTEM 

The LLRF block diagrams for the J-PARC ring RF are 
shown in Figure 2 and 3. The whole system is based 
on digital signal processing with digital hardwares like 16 
bit multipliers, arithmetic units, and FPGAs with commer- 
cially available signal processors. 

The core of the system is the Direct Digital Synthesis 
(DDS) technology. By using DDS, the multi-harmonic sig- 
nals are directly generated without PLL, and the signals are 
easily synchronized. In the RCS LLRF system, the phase- 
counter block accumulates the phase by proper steps corre- 
sponding to the frequency pattern, and generates sawtooth 
(phase) waves of the harmonics of h = 1,2,3,4,5. The 
fundamental Qi = 2) and the second-harmonic Qi = 4) 
phases are used for the generation of accelerating signal, 
for the feedforward, and for the phase-loop. The other har- 
monics (ft = 1,3,5) are used only for the feedforward. We 
discuss on the feedforward beam loading compensation in 
the later section. 

The feedback loops are common one. The radial loop, 
the phase loop and the AVC (Auto Voltage Controller). 
Note that there is no cavity tuning loop since the cavity 
is an MA-loaded one without tuning. The radial loop con- 
trols the frequency and the phase loop gives the offset of the 
phase. In the second-harmonic phase loop, the phase offset 
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Figure 2: Block diagram of LLRF system. 

is determined by the difference between the fundamental 
cavity RF phase and the beam phase, so that the fundamen- 
tal and the second harmonic signals follow the beam with 
perfectly synchronized steps and the composite of the RF 
bucket keeps the sharpe. 

Each of the 12 cavities has own phase pattem and the 
amplitude pattem to compensate the amplifier gain differ- 
ence and cavity impedance, and also to realize the counter- 
phasing between each cavity. 

BEAM LOADING COMPENSATION 

The circulating beam current in the RCS is fairly high 
and the beam loading effects have to be carefully consid- 
ered. In the RCS, the parameters are chosen so that relative 
loading factor Y is less than 1, except near the injection and 
the extraction[5], while the beam current is as same as the 
generator current during acceleration. Y is fairly higher 
than 1 at the extraction because the RF voltage is small 
to match the RF bucket with MR RF bucket. The phase 
of the fundamental accelerating voltage in the RF cavities 
goes far from the correct phase without compensation. The 
beam loading must be compensated for stable acceleration. 

Furthermore, since the cavity has a low Q-value, the 
higher harmonic voltages are induced in the cavity. Figure 
4 shows the Fourier components of the beam current. The 
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Figure 3: Block diagram of LLRF signal control unit for 
each cavity. 
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Figiu-e 4: Fourier components of the beam current. 

induced higher-harmonic voltages cause the bucket distor- 
tion. The distorted RF buckets during the acceleration and 
near the extraction are illustrated in Figure 5. The figure 
shows that the bucket distortion is not very crucial when the 
relative loading is not very high. However, one can see that 
the bucket is seriously distorted when Y is large. In order 
to suppress this bucket distortion, the beam loading com- 
pensation of higher harmonic component is necessary [6]. 
In the two-bunch acceleration case, ft = 2,4... components 
must be compensated. Additionally, h = 1,3,5... compo- 
nents also have to be cancelled when the ring accelerates 
the one-bunch beam for the MR injection. A particle track- 
ing simulation result in the case of two-bunch acceleration 
is shown in Figure 6. The resuhs show that the bucket dis- 
tortion is not very serious and no strong emittance blow-up 
occurs, if up to the second harmonics Qi = 4) are cancelled 
by a feedforward system. 

A prototype feedforward module has been designed and 
buih [7]. A test with real beam signals of KEK-PS MR 
has been performed in December 2002. We tried to pick up 
only the accelerating frequency (6.02 MHz) signal from the 
beam signal including revolution frequency components at 
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Figure 5:  Distorted buckets during the acceleration and 
near the extraction (two-bunch operation case). 
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Figure 6: Particle tracking simulation results with /i = 2,4 
feedforward, in the case of two-bunch acceleration. 

the injection period. The results are shown in Figure 7. 
A 20 dB separation was achieved. Since 6 MHz is more 
than the second harmonic frequency of J-PARC RCS, the 
basic configulation of the module has a feasibility to the 
application for the real J-PARC RCS. 

SUMMARY 

We summarize the presentation as below. 

• In the J-PARC RCS, an MA-loaded low-Q cavity is 
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Figure 7: Spectrum of the beam signal at the injection (top) 
and the output of the feedforward module, center frequency 
is 6.02 MHz (bottom). 

employed to realize the multi-harmonic drive. The 
system acts as a bunch shaping system as well as an 
accelerating system. 

• The multi-harmonic LLRF system is based on the 
DDS technology. 

• An RF feedforward system is to be employed to com- 
pensate the beam loading. In the case of the single- 
bunch operation, the components of ft = 1,3,5 must 
also be cancelled as well as the cavity-drive compo- 
nents (/i = 2,4). 
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DESIGN OF 20 MEV DTL FOR PEFP 

Y. S. Cho**, B. H. Choi, J. H. Jang, H. J. Kwon, M.Y. Park, PEFP / KAERI, Daejeon, Korea 

Abstract 
We have designed a conventional 20MeV drift tube 

linac (DTL) for the Proton Engineering Frontier Project 
(PEFP) as a low energy section of lOOMeV accelerator. 
The machine consists of four tanks with 152 cells 
supplied with 900kW RF from 350MHz klystron. We 
have also studied beam dynamics in this structure and 
designed focusing quadrupole magnets. The details of the 
DTL design are reported. 

INTRODUCTION 
In this paper, we have designed a conventional drift 

tube linac (DTL) to accelerate proton beam of 20 mA 
from 3 MeV to 20 MeV. The input beam for the DTL 
comes from the radio frequency quadrupole (RFQ) which 
is designed to produce the 3 MeV proton beam of 20 mA 
from the 50 keV beam of 23 mA. The normalized rms 
emittance in the phase space are given as 0.23 -< mm- 
mrad for transverse direction and 0.15 deg-MeV for 
longitudinal direction. 

The following sections include the general features of 
our DTL such as cavity design, beam dynamics, and 
quadrupole magnet (QM) design. 

DESIGN LAYOUT 

Structure 
The available structures for the 20 MeV proton 

accelerator are a coupled cavity DTL (CCDTL), a super- 
conducting cavity linac, and a conventional DTL. The 
CCDTL has a merit that the QM can be located at the 
outside of cavity. Since the high shunt impedance 
structure should be operated at the higher frequency than 
that of RFQ, a matching section is necessary to 
compensate the structure/frequency change and the cavity 
becomes longer. For the super-conducting cavity, more 
R&D is necessary for lower beta region. Therefore the 
most suitable choice is the conventional DTL in spite of 
its disadvantage that the QM has to be installed even 
inside the short first drift tube in the first tank. 

Frequency 
The operating frequency of RFQ is 350 MHz and the 

conventional DTL is also working at the same frequency 
in order to make the matching easy between RFQ and 
DTL. 

RF Power 
The 20 MeV accelerator should be constructed within 

next 2 years, and should deliver the proton beam to users. 
With this schedule, the RF system for 20 MeV DTL 

should be separated from the other parts of the 100 MeV 
accelerator. From the construction cost viewpoint, one RF 
system for the DTL is preferred. The RF power is limited 
to 900 kW. 

CAVITY DESIGN 
To get the optimised information of DTL cavity, we use 

the DTLfish code which is an automated tuning program 
included in the Poisson/Superfish code group [1]. 

We have calculated the effective shunt impedance as a 
function of J (= v/c) under varying each parameters in 
order to get their optimal values to give the maximum 
shunt impedance. Table 1 and Figure 1 show the final 
design values of the geometrical parameters for the DTL 
cavities and the resulting plot of the effective shimt 
impedance under the selected parameter values. In this 
work, the tank diameter is determined after compensating 
the frequency increase by the stem effects. 

Table 1. DTL design parameters 

Parameter Value 
Tank diameter 54.44 cm 
Drift-tube diameter 13 cm 
Bore radius 0.7 cm 
Drift-tube face angle 10 degrees 
Drift-tube flat length 0.3 cm 
Comer radius 0.5 cm 
Inner nose radius 0.2 cm 
Outer nose radius 0.2 cm 
Stem diameter 2.6 cm 
Frequency tolerance 0.001 MHz 
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Figure 1. Effective shimt impedance 
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Table 2. DTL parameters for each tank 

Tankl Tank 2 Tank 3 Tank 4 
Energy range (MeV) 
Number of cells 
Tank length (cm) 
Total power (kW) 
Synchronous phase (deg.) 

Quad, gradient (kG/cm) 
Effective Quad, length (cm) 
Eo(MV/m) 
Transit time factor 

3.00-7.18 
51 

443.1 
225 

30 
5.0 
3.5 
1.30 
0.83 

7.18-11.50 
39 

464.9 
225 

30 
5.0 
3.5 
1.30 

0.83 -0.81 

11.50-15.80 
33 

475.5 
224 

30 
5.0 
3.5 
1.30 

0.81-0.79 

15.80-20.00 
29 

477.6 
221 

30 
5.0 
3.5 
1.30 

0.79 - 0.77 

BEAM DYNAMICS 
We use the PARMILA code [2] to simulate the proton 

beam going through the DTL structure. 

DTL Geometry 
Our DTL has been designed to accelerate proton beam 

of 20 mA fi-om 3 MeV to 20 MeV via 4 tanks. The inter- 
tank length is 1 IL Table 2 shows the design results for 
each DTL tank. The cell number of each tank is 
determined by requiring that they use similar amount of 
RF power which is less than 225 kW. In the power 
estimate, we use the reduced values of the shunt 
impedance by the factor of 0.8. The largest cell number is 
51 of the first tank which is a reasonable value for easy 
tuning process. 

We select FOFODODO lattice structure where every 
drift tube includes one QM. The structure allows weak 
focusing magnet at the cost of large beam size. 

We don't adopt the ramping in the accelerating field 
and the synchronous phase since the peak current is 
relatively low in this design. The magnitude of the peak 
surface electric field is designed to be lower than 0.9 
times Kilpatrick field. 

For frequency tuning and field stabilization, we will use 
the 8 slug tuners for each tank and one post coupler for 
every 3 drift tubes (tankl) and 2 drift tubes (tank 2, 3,4). 

Result 
Figure 2 shows the tendency of the emittance growth in 

the transverse and longitudinal directions. There is no 
serious change in the emittances.  
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The maximum and rms beam size in the transverse 
direction are given in figure 3 which shows the betatron 
oscillation. 

The zero-current phase advance per focusing period 
should be less than 90~ in order to avoid the envelop 
instability. In our case, it is designed for the phase 
advance to be below 75~ as shown in figure 4. 

Figure 5 represents the output beam distribution at the 
end of the fourth tank. Even though we don't carefully 
consider the missing RF region between tanks, the plot 
shows that there is no abnormal signature such as large 
tail outside the beam core. 

beam sire (mayimum, cm) 

cell nLiirber 

Figure 3. beam size in transverse direction 
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Figure 2. Transverse and longitudinal emittance profile      Figure 4. zero-current phase advance per focusing period 
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Table 3. EMQ parameters 

Parameter 

Figure 5. Configuration plot of the beam at the end of 4th 
tank 

QUADRUPOLE MAGNET 
The type of the QM installed in drift tubes can be either 

electromagnet or permanent magnet. Since oxu- DTL will 
be operated with varying current fi-om 0 to 20 mA, we 
choose the electromagnet where the focusing strength can 
be changed. 

The required quadrupole strength GL is 17.5 kG/cm 

m. With 10% safety margin, we choose it as 20 kG/cm 
cm. 

The first cell length is about 6.9 cm corresponding to 
one 1^. Considering fabrication of QM, its occupation rate 
in the drift tube can be 60% of the cell length. This 
means that QM should be shorter than 4 cm for the first 
drift tube. So, the special care should be required for the 
qua<3rupole design. 

There are two different methods to overcome the 
limited space. One is using the electroformed hollow coil 
with water-cooling system which is developed in KEK[3]. 
This method is too expensive and complex to use it for 
our DTL. The other is using the transformer coil with 
external cooling system which is suggested in CEA[4]. 
Even though it isn't realized until now, we select the latter 
method since it is simple to make it. 

^^^Ill'^'ilJilT)'     Inllu!^ 
'     i     \     i     1     i     \ 

value 
Strength (GL) 

External diameter 
Bore Diameter 
Pole length 
Good field diameter 
Multipole fi-action 
NIfor20kG 
Conductor 

Number of turns 
Joule dissipations 

20 kG/cm 
llOnrni 
20 mm 
30 mm 
14 mm (1%) 
<1% 
2,200 AT 
3     3 mm 
8 
600 W 

cm 

Since the machining of the ideal hyperbolic pole shape 
for the QM is too complicated and expensive, we choose 
a circular pole which is optimised so that a good field 
aperture within 1% error occupies more than 70 % of the 
pole region and the multi-pole components in the good 
field region is less than 1% of the quadrupole component. 

The figure 6 shows the optimised field profile in the 
quadrupole calculated by using the POISSON code [1]. 
We confirm that the iron core isn't saturated and the 
design is satisfied with the requirement for the good field 
region and multi-pole components. 

Table 3 shows the main parameters of the designed 
electromagnetic quadupole (EMQ). The EMQ will be 
installed in every drift tube. Due to pool type cooling, we 
choose the thin conductor in order to secure the larger 
surface for cooling. However we have to study the 
thermal properties of this thin conductor and solve the 
heat problem under high current. 

We will use 1010 low carbon steel for the iron core and 
use the discharge-machining method for manufacturing 
the pole shape. The transformer coil used as the conductor 
will be directly wounded on the iron core. After insertmg 
EMQ into the drift tube, the OFHC copper end caps will 
be welded onto the drift tube by using the e-beam. 

In conclusion, this article is a brief summary of a 
conventional DTL design for PEFP. The more detail of 
the design can be foimd in Ref 5. 
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THE RF POWER DELIVERY SYSTEM DESIGN AND ITS COMPONENT 
CHARACTERIZATION FOR PEFP DTL 

H. J. Kwon*, Y. S. Cho, K. K. Jeong, J. M. Han, B. H. Choi, PEFP, KAERI, Daejeon, Korea 

Abstract 
The PEFP (Proton Engineering Frontier Project) was 

started at September 2002 whose main goals are to 
construct lOOMeV proton accelerator and develop beam 
utilization areas. In this project, 20MeV DTL is scheduled 
to be constructed and tested within three fiscal years. The 
RF power delivery system for 20MeV DTL was designed 
and its components were characterized at PEFP, KAERI. 
The RF power from a 350MHz, IMW klystron is split 
into four legs to drive four tanks of the 20MeV DTL. 
Each leg has a phase shifter to adjust the phase of the RF 
field in each tank. The design of the RF power delivery 
system of the lOOMeV accelerator will be based on 
experiences of the 20MeV DTL RF system development. 

1 INTRODUCTION 
The lOOMeV, 20mA proton accelerator is being 

developed in Korea as a part of the "21C Frontier R&D 
program" launched by government [1][2]. As a low 
energy part of the accelerator, 20MeV DTL was designed 
and being constructed at PEFP [3]. The DTL consists of 4 
tanks to accelerator proton beams from 3MeV to 20MeV. 
As described earlier, the DTL should be constructed 
within next 2 years and deliver the beam to the users. 
With this time table, the RF system for 20MeV DTL is 
preferred to be separated from the other accelerators up to 
lOOMeV. The most suitable RF system for the 20MeV 
DTL is the similar one to the RFQ RF system [4]. From 
the viewpoint of construction cost, one RF system for 
20MeV DTL is preferred. Therefore, one of the major 
design issues of DTL was to restrict the required RF 
power well below IMW in order to drive the DTL with 
one klystron. In addition, the number of cells in each tank 
was determined from the consideration of the nearly equal 
distribution of the RF power in each tank. 

2 DTL RF SYSTEM OVERVIEW 
The required RF power for the 20MeV DTL is 

described in Table 1, which is an output results of the 
PARMILA code considering 25% power margin from the 
SUPERFISH code input data. The total required power is 
about 900kW which can be covered with one IMW 
klystron. The power distribution in each tank is within 
+1%. The schematic of RF power delivery system is 
shown in Figure 1. The RF power from one IMW 
klystron is split into four legs by magic tee to drive four 
DTL tanks respectively. Each leg has a phase shifter to 
adjust the phase of the RF field in each tank. With this 

type of power distribution, the amplitude of the RF field 
in each tank can be maintained within +1% of the design 
value in spite of feeding equal power into each tank. 

Table 1: Required RF power for 20MeV DTL 

Tank# Cu power 
(kW) 

Beam power 
(kW) 

Total power 
(kW) 

1 141.6 83.4 225.0 

2 138.8 86.2 225.0 

3 138.3 85.7 224.0 

4 137.1 83.9 221.0 

Total 
(kW) 

555.8 339.2 895.0 

Klystron 

Dummy load 

Phase shifter 

DTL tank J   DTL tank 2 DTL tank 3   DTL tank 4 

Figure 1: Schematic of RF power delivery system for 
20MeV DTL 

3 SYSTEM COMPONENTS 

Klystron 
A TED (THALES Electron Devices) TH2089F klystron 

which was used as a RF source for 3MeV RFQ will be 
also used for 20MeV DTL. It is a slightly modified model 
of the 352MHz, I.IMW klystron used at CERN. The 
klystron has a modulating anode to control the beam 
current and is capable of dissipating the full beam power 
up to l,800kW. The klystron is scheduled to be delivered 
to PEFP site at Jan. 2004. 

hjkwon@kaeri.re.kr 
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High voltage power supply 
The requirements of the high voltage power supply are 

100 kV, 20 A with the conditions that both the voltage 
ripple and regulation are less than 1 %, and energy 
deposition in the klystron at the tube arc is less than 20 J. 
A three phase AC voltage controller type using thyristor is 
used. The thyristor controller is located at low voltage 
side and control the output voltage by adjusting the 
conducting angle of the 12 pulse AC power. A device 
which limits the load arc energy is important component 
because it should limit the deposition energy into the 
klystron below 20J at klystron arc condition otherwise the 
klystron has permanent damage. An opening switch 
which consists of IGBTs is used for that purpose. The 
switch is now developed by POSCON. The modulating 
anode power supply comprised of voltage dividing 
resistors and tetrode will be used. That type was 
successfully operated as a modulating anode power 
supply of the 3MeV RFQ klystron. The voltage can be 
adjusted by controUing the grid voltage of the tetrode. The 
schematics of the high voltage power supply and 
modulating anode power supply are shown in Figure 2 
and Figure 3 respectively. 
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Figure 2 : Schematic of high voltage power supply 
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- J20/I20V 
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Figure 3 : Schematic of mod. anode power supply 

Circulator 
An AFT (Advanced Ferrite Technology) circulator 

which was also used for RFQ RF system will be used for 
20MeV DTL RF system. It is a Y-junction type circulator 
which can deliver 1.3MW RF power for forward direction 
and permit 1.3MW reverse power at any phase. It uses 
temperature  compensating  system to  compensate  the 

temperature dependent ferrite saturation magnetization. 
The circulator is scheduled to be deUvered to PEFP site at 
the end of this year. 

RF dummy load 
In addition to the role of RF station to the accelerator, 

the high power RF system for 20MeV DTL has also the 
role of a high power test stand of various RF components 
including klystron, circulator, window and so on. Because 
there is no additional space for high power test in the 
present site. Under this situation, to test a klystron, a 
shorting plate is installed between circulator and DTL 
tank, then all the RF power reflected from the shorting 
plate is directed to the dummy load located at one side 
arm of the circulator and dissipated. For this reason, the 
dummy load at the one side arm of the circulator can 
dissipate the full power from klystron. A dummy load 
which is cooled by the water and MEG (Mono - 
ethyleneglycol) mixture will be used. 

Waveguide system 
The components of the waveguide system include 

power divider, phase shifter, harmonic filter, E & H bends, 
full height to half height transition and so on. The full 
and half height WR2300 waveguide components will be 
used. The power balance of the divider should be less 
than +1% in order not to use an amplitude adjuster in each 
waveguide leg. But the power balance of the general 
divider is less than ±0.25dB. Therefore, precisely 
balanced power divider or general power divider plus 
amplitude adjuster structures are required in our case. The 
phase shifter should have the full range of phase shift 
above 45° because the phase difference between the 
waveguide arms for low energy side tanks and for high 
energy side tanks are nearly 45°. The phase shifter which 
has three stub tuners and +45° tuning range is considered 
for that purpose. 

Input coupler 
The RF input coupler is one of crucial components in 

accelerator development. Generally, two types of couplers 
are used, one is loop type and the other waveguide type. 
In spite of the cooling difficulty, the loop type coaxial 
coupler is considered for DTL input coupler because of its 
easy matching. Among several types of coaxial loop 
coupler, the one with cylindrical window and half height 
waveguide to XIA coaxial transition is selected primarily, 
because of the relatively easy fabrication method. This 
type of coupler is very similar to the input coupler of the 
spoke cavity in Accelerator Driven Test Facility at LANL 
[5]. In addition to the development of reliable window, 
the potential difficulty of this coupler in our case is the 
multipacting in the coaxial line. The single point 
multipacting level follows the scaling law : Pone-pomt ~ 
(fd)''Z, where f is the RF frequency, d is the diameter of 
the outer conductor and Z is the impedance of the coaxial 
line [6]. According to the data from the paper [5], tiie 
single point multipacting level for several geometries can 
be estimated from the scaling law and is shown in Figure 
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4. The operating power level is also shown in the Figure. 
With these data, several geometries are currently 
investigated (inner diameter of the outer conductor of the 
coaxial line : 100mm, 103mm, line impedance : 50ohm, 
75ohm). As a start up for the development of the input 
coupler, a cylindrical window was fabricated to verify the 
fabrication processes including material, machining, 
brazing, coating as shown in Figure 5. The inner diameter 
of alumina ceramic (purity : 95%) is 130.1mm and 
thickness 4.8 mm. The ceramic was brazed into 1.5mm 
thick copper sheet, which was e-beam welded into the 
copper-stainless steel flange. The window will be TiN 
coated and installed in the coupler section to check 
vacuum tight and low level RF properties. 
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Figure 4 : Single point multipacting level for various 
 coaxial geometry 

4 CONCLUSIONS 
The high power RF system for PEFP 26MeV DTL was 

described. Some components such as klystron, circulator, 
high voltage power supply are now in purchase or 
development stage, and others require more detailed 
information about the specification before setting up the 
purchase order. The development of the input coupler is 
the first trial in our group. The estimated potential 
difficulties are loop cooling, window failure at high 
power condition and multipacting in the coaxial line at 
operating condition. Some modifications and 
improvements of the 20MeV DTL RF system which are 
based on the experiences on the operation of the 3MeV 
RFQ RF system will be carried out. The R&D on the high 
power RF system of 3MeV RFQ and 20MeV DTL will be 
a valuable experience for developing RF system for 
lOOMeV accelerator. 
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R&D STATUS OF C-BAND ACCELERATOR UNIT FOR SUPERKEKB 

T. Kamitani*, T. Suwada, for the KEK electron/positron Injector Linac and 
the Linac Commissioning Group, KEK, Tsukuba, Japan 

Abstract 

In an extensive luminosity upgrade of the KEK-B fac- 
tory, considered as a future plan, the injector linac has to 
increase the positron acceleration energy from 3.5 GeV to 
8.0 GeV. In order to double the acceleration field (from 21 
to 42 MV/m), a design study of the C-band accelerating 
unit has been started. This paper reports on the R & D sta- 
tus of the C-band components for a high-power test and for 
a beam-acceleration test at the KEKB injector linac. 

INTRODUCTION 

Recently, the KEK b-factory (KEKB) has surpassed its 
goal luminosity of lxl0^^cm"~^sec~i. Though it is the 
world-highest luminosity ever achieved, an even higher lu- 
minosity (10^^ - 10^^cm~^sec~i) is desired for a deeper 
understanding of a B-meson physics. The design consid- 
eration of this extensive upgrade, called "SuperKEKB" 
[1], started in 2001, and R & D of the components are 
now underway. One of the major changes in this upgrade 
is the switch of die beam energies (from 8.0-GeV elec- 
trons and 3.5-GeV positrons to 3.5-GeV electrons and 8.0- 
GeV positrons). Raising the beam energy suppresses the 
positron beam blow-up caused by the electron-cloud inside 
the vacuum chamber. 

The present KEKB injector linac accelerates electrons 
up to 8 GeV with 55 accelerator units, including a few 
stand-by units [2]. The electrons are injected directly into 
the High Energy Ring. For positron injection, the elec- 
trons are accelerated up to 4 GeV in the former half of 
the linac (26 units), and hit a metal converter target to pro- 
duce positrons. Those positrons are accelerated up to 3.5 
GeV in the latter half (29 units), and are injected into the 
Low Energy Ring. For the SuperKEKB, positron accel- 
eration energy is required to be increased from 3.5 GeV 
to 8 GeV. The maximum energy gain by all of the present 
positron accelerating units is not sufficient (4.8 GeV) for 8- 
GeV injection. Since die positron intensity is proportional 
to the primary electron energy, the number of positron ac- 
celeration units cannot be increased by changing the target 
position at the cost of the units for the primary electron. 
The simplest way to realize this energy upgrade is to in- 
crease the acceleration field by about twice. It requires a 
four-times higher rf input power, if the present S-band ac- 
celerating structures are used. It is not realistic based on 
the limit of the capacity of the present klystron gallery and 
the input electricity power. Instead, the possibility to use 
C-band accelerating structures is considered. The upgrade 
scheme presently considered is shown in Fig. 1. A damping 

ring (DR) is added for emittance reduction. The accelerator 
units after the DR are to be upgraded with C-band compo- 
nents to achieve 8-GeV injection. Another upgrade scheme 
using beam recirculation instead of the C-band units is also 
considered, but it is not mentioned here. 

E(e+)=8 0GeV. 
Q(M-)=1.2nC 

♦ HER 

E(e—)=3.5 GeV, 
Q(e—)=10iiC 

to target 
Q(e—)=5 nC 

for Injection 

* talcuya.kaniitam@kek.jp 

Figure 1: upgraded Linac with C-band units 

ACCELERATOR UNIT 

The present S-band accelerator unit of the KEKB injec- 
tor linac involves four 2-m accelerating structures fed by a 
klystron through a SLED-type rf-pulse compressor. The 
average accelerating field gradient is 21 MV/m with 41 
MW output power of 4 /is pulse duration from the klystron 
and with rf-pulse compression. The energy gain by a imit is 
typically 160 MeV. In the upgrade to the C-band, an S-band 
unit is replaced by two identical sub-units; each is com- 
posed of two 2-m accelerating structures fed by a klystron 
through an rf compressor. The average accelerating field 
gradient is expected to be 42 MV/m with 40 MW output 
power of 2 /iS duration from the C-band klystron and with 
a LIPS-type rf-pulse compressor [3]. The total energy gain 
by two sub-units is 320 MeV. 

Compared with the S-band unit, the rf power source is 
divided into two. It is mainly because there is no C-band 
klystron available which can supply the 80 MW power nec- 
essary for the four accelerating structures. Instead, two 50- 
MW class klystrons are used. The modulator is also di- 
vided into two. A design comparison was made between 
the single modulator feeding two klystrons and the two 
modulators feeding a single klystron, respectively. In the 
case of the single modulator, it becomes too large to re-use 
the present components, like the capacitors, and requires 
complete renewal of the design to fit in the present klystron 
gallery, and costs too much. Finally, we decided to adopt 
a system composed of the two identical sub-units. It facil- 
itates the design of the modulator and reusing the present 
components. What is more, by complete isolation of the 
sub-units, the operation is more flexible, since individual 
tuning is possible. 
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RF SOURCE 

The present S-band unit uses a 50-MW class klystron 
(Mitsubishi PV3050 or Toshiba E3730), which supplies 41 
MW output power of 4.0 /is rf pulse duration. In the R 
& D work for the C-band linear collider, a 50-MW class 
klystron was developed by T. Shintake and H. Matsumoto 
[4] and is commercially available (Toshiba E3746). It is 
operated at 5712 MHz with a beam of 358 kV voltage and 
320 A current in pulse repetition of 50 Hz. It needs 240 W 
of drive power and delivers an output power of 53 MW in 
2.5 /is duration. In the C-band upgrade of the KEKB linac, 
this klystron is the first candidate. A klystron of this type 
has already been fabricated and used in a high-power test 
in a test stand since December 2002 and will be used in a 
beam acceleration test scheduled from this September. 

The present line-type modulator produces a 4.0 /is long 
(flat-top) 306 kV high-voltage pulse for the klystron at a 
repetition rate of 50 Hz. In the upgrade to the C-band unit, 
two modulators for the two klystrons must be installed in 
the same space of the klystron gallery, as shown in Fig.2. 
To make the modulator more compact, the present high- 
voltage dc power supply and the charging circuit will be re- 
placed by a compact inverter-t)T)e power supply. To gener- 
ate a flat high-voltage pulse of 4.0 /js duration, two pararell 
pulse-forming-network (PFN) circuits, each composed of 
20 capacitors (0.0146 or 0.0155 //F) and 20 inductors (0.67 
fiH), are used in the present modulator. In the C-band mod- 
ulator, a pair of PFN circuits (14 capacitors and 14 induc- 
tors) is used to generate a pulse of 2.0 /xs duration. Most of 
the components in the S-band modulators, like PFN capac- 
itors, thyratrons, cabinets, pulse transformers and oil-tanks 
can be reused, which contributes to reduce the cost of the 
upgrade. 

Present 
Configuration 

Configmation 
for 

ii 
D^^ 

0 
Figure 2: Modulator/Klystron layout 

ACCELERATING STRUCTURE 

The accelerating structure used in the present S-band 
unit is a 2-m long, disk-loaded, traveling-wave structure 
operated at 30.0 deg C. The structure is composed of 54 
regular cells and two (input, output) coupler ceUs, and 
the phase advance per cell is 2/37r. The iris diameter is 
decreased linearly ceU-by-cell to achieve a quasi-constant 
field gradient. The typical size of the iris diameter is 24.275 
- 20.300 mm from the entrance to the exit. A total of five 
variant types of structures which have different iris sizes 
are used to distribute the deflecting mode of the cavities 
and prevent a beam break up from occuring during long- 
pulse operation. As shown in Fig.3, the first prototype C- 
band 1-m accelerating structure is designed as a scale-down 
model of the present S-band 2-m structure, which has the 
largest iris diameter within the five variants. The dimen- 

Figure 3: 1-m long C-band Accelerating structure 

sions of the regular cells can be scaled precisely to half that 
of the S-band structure. They are already processed and the 
phase advances in respective cell are adjusted to 120 degree 
within an error of 2 degrees with the nodal-shift measure- 
ment. As has been done for the S-band structure, the disks 
and the cylinders processed individually are formed into an 
integral structure by an electroplating technique. Unlike 
the regular cells, the coupler dimensions (the iris width and 
the coupler cell diameter) have to be modified because the 
dimension of the wave-guide, which is connected to the 
coupler, is not scaled. The coupler dimensions are roughly 
optimized with the MAFIA-3D code to achieve the proper 
coupling strength and the minimum reflection, and further 
finely adjusted by milling and lathering step-by-step with 
the feedback from the measurement of the rf property. Fab- 
rication of the couplers for high-power operation and elec- 
troplating of the regular cells are in progress. The couplers 
and the regular cells are to be connected later by electron- 
beam welding, and will be finished by the end of June. 

In the present rf drive system, an rf signal of 2856 MHz 
is transmitted from the main drive system to each sub- 
booster through phase-stabilized optical fibers. In the sub- 
booster, the signal is amplified by a 60-kW klystron and 
distributed to eight klystrons. In the sub-booster of the 
C-band unit, the frequency is doubled with a multiplier 
to 5712 MHz. Concerning the sub-booster klystron, in- 
stead of designing a brand-new one, an available 200 kW 
klystron operated in 5.3 GHz for radar (Mitsubishi PV- 
5101) is modified for 5712 MHz operation. 

RF COMPONENTS 

In place of the WR-284 CWRJ-3) standard wave-guide 
(inner dimension; 72.1 mm x 34.0 mm) used in the S-band 
unit, the WR-187 (WRJ-5) standard wave-guide (inner di- 
mension; 47.55 mm x 22.15 mm) is adopted for the C- 
band unit, considering the power loss and the contamina- 
tion of the higher-order mode. An Merdinian-type flange 
for the wave-guide is designed and used at the test stand. 

As an rf window to separate the vacuum of the acceler- 
ating structure and that of the region close to the klystron. 
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a pillbox-type window is already available, which has been 
developed as a component of the C-band klystron. How- 
ever, its maximum transmission rf power is 25 MW. A new 
type of an rf window, which can transmit 50 MW, is being 
developed to simplify the system in the C-band unit. Unlike 
the pill-box type window, it uses a mixture of two modes 
(TEll and TMll) to generate a traveling-wave in the ce- 
ramic of the window. It lowers the electric field strength 
at the edge of the ceramic and reduces the electron emis- 
sion, which results in a breakdown of the ceramic. With 
the high-power test performed using a resonant ring at the 
test stand, the new rf window has been confirmed to work 
without any problems at 160 MW rf power and a 2 //s du- 
ration at 50 Hz repetition. 

A 3-dB high-power rf divider of the C-band has been 
designed by simulations using the HFSS code to determine 
the approximate dimensions. It does not have a button in- 
side, which is often used for a fine adjustment to reduce 
the reflection, but sometimes causes discharging. Instead, 
the inner dimension is finely optimized by measuring the 
rf transmission properties of 16 candidate low-power test 
modules. Modules for high-power operation are under fab- 
rication. 

A high-power dummy load to fit for the WR-187 wave- 
guide is being designed. Inside the wave-guide of the 
dummy load, cylindrical SiC blocks of 12 mm diameter 
stand in line with the gradually growing heights to absorb 
the rf-power uniformly. The heights and the positions of 
the blocks are optimized using the HFSS code. They are 
further optimized to achieve the least reflection by an rf- 
measurement using a low-power test module, in which the 
blocks are changeable and the positions are variable. The 
modules for high-power operation are being fabricated. 

The rf pulse compressor for the C-band is still in the 
stage of conceptual design. Since the SLED-type cavity 
using TE015 mode [2] does not give a sufficient Q-factor 
and field multiplication at a frequency of C-band, an LIPS- 
type cavity using the TE038 mode [3] is being considered. 
A low-power prototype cavity will be fabricated this sum- 
mer to optimize the coupling hole dimensions. 

TEST STAND AND BEAM 
ACCELERATION STUDY 

For rf-conditioning and high-power test of the C-band 
components, setting up of a test-stand started in December 
2002. The test stand has been used for conditioning the 
S-band accelerating structure, which is to replace the dam- 
aged structure after long use in the linac. The stand has also 
been used for a high acceleration field study of the S-band 
structure, which recorded a field of 40 MV/m with 41 MW 
supplied into a single 2m-long structure through a SLED- 
type rf compressor cavity. The stand has been re-arranged 
for a C-band study as shown in Fig.4. A unit test of the 
modulator, began in January 2003 with an coaxial dummy 
load. Initial tuning and the trouble shooting of the modula- 
tor has been performed. Later, a C-band klystron has been 

connected to the modulator as a proper load. After condi- 
tioning, a 43 MW output power of 2.0 /is duration from the 
klystron at 50 Hz repetition was achieved in April. 

The accelerating structure, the 3-dB high-power divider 
and the SiC dummy loads will be installed in the test stand 
in June. Their rf-conditioning and a high-power test will 
be performed in July and August. In mid of August, the 
components of the C-band accelerator unit will be moved 
from the test stand to the location of the "4-4" unit in the 
KEKB linac, which is temporarily vacant. The energy gain 
and the average acceleration field will be evaluated by mea- 
suring the beam energies of the electrons and the positrons 
in the beam study from September. 

Figure 4: C-band High-power Test Stand 
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IMPROVEMENTS IN THE RF SYSTEM 
FOR THE PHOTON FACTORY ADVANCED RING (PF-AR) 

S. Sakanaka*, K. Ebihara, E. Ezura, S. Isagawa, T. Kasuga, H. Nakanishi, M. Ono, M. Suetake, T. 
Takahashi, K. Umemori, S. Yoshimoto, High Energy Accelerator Research Organization (KEK), 

Tsukuba, Ibaraki 305-0801, Japan 

Abstract 
The Photon Factory Advanced Ring (PF-AR) is a 6.5- 

GeV synchrotron light source at KEK. An rf system for 
the PF-AR can provide an rf accelerating voltage of about 
16 MV. During an upgrading project for the PF-AR, we 
carried out some improvements in the rf system. This 
paper reports these improvements, as well as the present 
operation status of the system. 

INTRODUCTION 
The PF-AR is a 6.5-GeV dedicated synchrotron light 

source at KEK. An rf system for the PF-AR comprises 
two 1-MW klystrons, an rf distribution network, and six 
accelerating cavities [1, 2]. Each cavity is an alternating 
periodic structure (APS) [3], having eleven accelerating 
cells and ten coupling cells. This cavity can produce high 
accelerating voltages with small space. Two and four 
cavities are housed in the east and the west rf sections, 
respectively. A block diagram of the west rf station is 
shown in Fig. 1. Typical rf-related parameters are listed in 
Table 1. 

An upgrading project [4] for the PF-AR was carried out 
during 2001. As one of the goals of this program, we 
anticipated to increase the beam current from 40 mA to 
60-70 mA. To this end, we made some improvements in 
the rf system, which includes: 1) remodeling the crowbar 
circuit in the klystron power supply, 2) temperature 
stabilization of the cavity cooling water, 3) reinforcement 
of higher-order-mode (HOM) loads for the cavities, and 
4) renewal of the control system. 

IMW 
KLYSTRON 

DUMMY 
LOAD 

FOUR APS-TYPE CAVITIES 

Figure 1: Block diagram of the west rf station. 

Table 1: Principal parameters of the PF-AR rf system 
under user operation (6.5 GeV) and at injection (3 GeV). 

Beam energy                      E 6.5 GeV 3 GeV 
Typical rf voltage               Vc 16 MV 3.3 MV 
Radiation loss/turn             UQ 6.66 MeV 302 keV 
Transverse damping time    r^ 2.5 ms 25 ms 
Longitudinal damping time r^ 1.2 ms 12 ms 
Synchrotron frequency       f^ 42.6 kHz 29.8 kHz 
Total klystron power         P^ 982 kW 43 kW 
Total beam power             P^, 400 kW 18 kW 
Dissipated power/cavity    Pci 94 kW 4kW 
Typical rf frequency          /"^ 508.567 MHz 
Harmonic number              h 640 
Momentum compaction     a 0.01264 
Maximum beam current     Ig 60 mA (at present) 
Shunt impedance/cavity    /?shi 75.6 MO 

* shogo.sakanaka@kek.jp. 

IMPROVEMENTS IN RF SYSTEM 

Improvement in Crowbar Circuit 
Higher beam currents require us to operate the klystron 

at higher voltages of more than 80 kV. In such cases, high 
reliability of the crowbar circuits [2], which are used to 
protect the klystrons under discharges, is particularly 
important. In order to achieve higher reliability, we 
improved the crowbar circuit in the klystron power supply. 

The crowbar circuit is relatively sensitive to some 
electrical noise since it is triggered by a signal from a 
fast-response current transformer. From a long-term 
experience at KEK, we were convinced that the primary 
source of vwong triggers should be due to some noises 
which were caused by corona discharges in the circuit 
case. In order to prevent such corona discharges, we 
remodeled the crowbar circuit so that all high-voltage 
components, such as ignitrons, resistors and a discharger, 
were placed in insulating oil. In addition, the main part of 
the circuit was housed in a separate tank from the other 
parts. Thus improved crowbar circuit has been operated 
very well for more than one year without any wrong 
triggers. 

Stabilization of Cooling Water Temperature 
Each cavity is cooled by a water flow of about 250 

lit./minute. Since the higher-order-mode frequencies of 
the cavities can be affected by the cooling-water 
temperature, it is desirable to stabilize the temperature in 
order to avoid cavity-induced coupled-bunch instabilities. 
For this purpose, a temperature stabilization system was 
constructed in fiscal year 1997. This system (see Fig. 2) 

0-7803-7738-9/03/$17.00 © 2003 IEEE 1228 



Proceedings of the 2003 Particle Accelerator Conference 

can stabilize the temperature of the cooUng water by 
exchanging its heat with separate cold water. The cold 
water is provided by two chillers. Because each cavity has 
a separate heat exchanger, we can set up the water 
temperature for each cavity independently. This function 
is very useful for finding an optimum set of temperatures 
during operations. Since the beams are injected at lower 
energies (2.5-3 GeV), it is essential to optimize various 
operating conditions under injection. A typical tuning 
range of the water temperature is about 23-29°C. 

HOT WATER 

CHILLER 
cooliBS power 

300 kW 

PUMPS FOR 
COLD WATER 
2 X 880 liter/mill. 

CHILLER 
cooling power 

300 kW -^^ 

iS 
0|<:] 

COOLING 
TOWER 

3-WAY 
VALVE 

^ 

COLD 
WATER 

2-WAV VALVE 

^l4 
HEAT EXCHANGER 

: nVE SAME SETS AS THE ABOVE r* 

Figure 2: Temperature stabilization system for the cavity 
cooling water. Blue lines indicate a cold water route. 

Reinforcement of Cavity HOM Loads 
Each cavity is equipped with twelve higher-order-mode 

(HOM) couplers [5] which can damp some harmful 
HOMs. Each HOM-coupler was terminated by an air- 
cooled, 1-kW dummy load. Since we anticipated higher 
HOM power after the upgrade, we replaced all 70 dummy 
loads to water-cooled, 3-kW ones. 

Because these loads are installed in the ring tunnel 
under high x-ray backgrounds, they should be highly 
resistant to radiation, as well as to flame. Direct water- 
cooled mechanism, which is adopted in some 
commercially available loads, are not suitable because the 
radiation can easily damage rubber seals for the cooling 
water. We therefore adopted indirect water-cooled loads, 
which were newly developed in Nihon Koshuha Co., Ltd. 

A drawing of the new 3-kW load is shown in Fig. 3. 
The heart of the load is three beryllium-oxide (BeO) 
plates having resistive-stripe coatings on them. Input 
HOM power is dissipated in these resistive stripes. The 
BeO plates touch ti^tly to a water-cooled copper block 
via a thermally conductive compound. These resistive 
stripes are connected in series by copper bridges. 

The voltage standing-wave ratio (VSWR) of the 
completed dummy loads were less than 1.5 within a 
fi-equency range of 0.5-1.5 GHz, and less than 2.0 within 
1.5-2 GHz. We installed these dummy loads on the top of 
the cavities. The waterway of six dummy loads was 
connected in series, and a water flow of 15 lit./minutes 
was supplied per each route. Figure 4 shows the installed 
dummy loads. 

These HOM loads have been working very well after 
the commissioning. Typical dissipated power per load was 

about 560 W under the beam current of 57 mA and the 
beam energy of 6.5 GeV. 

^ 

RF INPUT 
BFX-20D 

y 

• *•     «•     *•     *4-|< 
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^ 

V » »*= 
,in_^ COPPER BASE 
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Figure 3: Drawing of the 3-kW broadband dummy load. 

Figure 4: New higher-order-mode loads as installed on the 
top of the cavities. 

EPICS-Based Control System 
The control system for the rf system was fully upgraded 

to a new one which is based on the Experimental Physics 
and Industrial Control System (EPICS) [6]. Figure 5 
shows an outline of the new control system. Most of the rf 
equipments are controlled by an I/O Controller (IOC) 
through original CAMAC interfaces. Some of the 
instruments, such as a master oscillator and data loggers, 
are controlled by another IOC through GPIB interfaces. 
Operator-interface (OPI) programs run on the 
workstations. We developed both an EPICS database and 
OPI programs. There were about 600 incoming signals 
from the equipments, and about 600 outputs to them. We 
then defined about 1200 database records which 
correspond to these signals. Some sequence controls were 
realized using record links and state programs for the 
EPICS sequencer. The OPI programs were developed 
using both a SAD/Tkinter script language and the 
Pj^hon/Tkinter language. 

Using this system, we can control all parameters of the 
rf system, such as the rf voltage, the phases, and the 
cooling water temperatures. It also allows us to condition 
the cavities automatically before storage-ring operations. 
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Figure 5: New control system for the rf system. 

COMMISSIONING AND OPERATIONS 
The PF-AR was recommissioned smoothly in January, 

2002. During a half year after the commissioning, the 
maximum beam current was limited to about 40 mA due 
to some collective effects. We could then gradually 
increase the beam currents to about 60 mA. This was 
achieved by raising the injection energy from 2.5 GeV to 
3 GeV, and by investigating optimum conditions for beam 
injection. The PF-AR is currently operated with the 
maximum currents of 50-60 mA with single bunch. 

Figure 6 shows one of the control panels, indicating 
typical rf parameters during operations. It shows such 
parameters as the output power from the klystron (P^), the 
drive power for the klystron (P^), the cavity voltage (Fc), 
the cathode voltage (F^), the beam current of the klystron 
(/b), the voltage and the current of the klystron anode (F^ 
and /a), the voltage and the current of the klystron heater 
(F|j and /h), and so forth. Because an equal rf-power is fed 
to each cavity, the east klystron provides about a half 
power of the west one. In a case of Fig. 6, the output 
powers from the east and the west klystrons were about 
350 kW and 710 kW, respectively, under the beam current 
of 57 mA. Because there is some margin in the rf power, 
we continue to make efforts for increasing the beam 
current to the target value of 70 mA. 

CONCLUSION 
During the upgrading project of the PF-AR, we carried 
out some improvements in the rf system. The improved rf 
system was commissioned very smoothly, and it has been 
working very well for more than one yean The stored 
current was gradually increased from 40 mA (before 
upgrade) to about 60 mA under routine single-bunch 
operations. 

PF-AR RF STATUS 
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Figure 6: One of the control panels showing typical rf 
parameters under operation. 
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RADIO FREQUENCY ACCELERATION SYSTEM FOR 150MEV FFAG 

Akira Takagi*, Yoshiharu Mori, Joe Nakano, Tomonori Uesugi, Masahiro Sugaya 
KEK, Tsukuba, Japan 

Abstract 
An rf cavity for ISOMeV FFAG(Fixed Field Alternating 

Gradient) proton synchrotron has been developed. The rf 
cavity consists of four pieces of MA(Magnetic Alloy) 
core. These MA cores are indirectly cooled by thermally 
conductive spacers and cooling plates. One piece of MA 
core (Wide: 1700mm, Height:950mm, Length:25mm) is 
mechanically supported by a cooUng plate. The range of 
acceleration frequency is 1.5MHz to 4.6MHz. The 
acceleration voltage of 19kV and the acceleration cycle of 
250Hz are required. A couple of rf stations are proposed 
to install in the ISOMeV FFAG. Recent developments on 
the radio frequency acceleration system for ISOMeV 
ITAG proton synchrotron are presented 

INTRODUCTION 
The fist acceleration of protons in the SOOkeV FFAG 

proton synchrotron (PoP=Proof of Principle ITAG) was 
demonstrated at KEK in March 2000 [1]. After this 
successes, the design and the construction of a ISOMeV 
FFAG proton synchrotron has been started [2] The 
ISOMeV FFAG is a prototype FFAG to investigate the 
possibilities of various applications such as proton beam 
therapy [3]. 

Since the magnetic field in the FFAG is static, therefore 
the acceleration cycle depends only on the sweep rate of 
the accelerating rf frequency. A high gradient rf cavity 
using the "FINEMET" MA (magnetic alloy) cores [4], has 
been developed at KEK [5]. With this new type of rf 
cavity, the acceleration cycle of the synchrotron can 
become very high, IkHz or more, which is more than 100 
times of the ordinary synchrotron cycle. Thus, the FFAG 
is an attractive machine for accelerating intense beams. 

The rf cavity consists of four MA (Magnetic Alloy) 
cores. These MA cores are indirectly cooled by thermally 
conductive spacers and cooling plates. An MA core 
0\ride:700mm, Height:9S0mm, Length:2Smm) is 
mechanically supported by the cooling plate. The rf 
acceleration parameters of the ISOMeV FFAG are listed 
in table 1 

Table 1: RF acceleration Parameters of ISOMeV FFAG 

Acceleration cycle 2S0Hz 

Harmonic Number 1 

RF frequency l.SMHz~4.6MHz 

Total acceleration voltage 19kV(peak) 

Number of cavity 2 

CAVITY DESIGN 
The metal water-cooled plates adopted on the one side 

of MA cores. A thermally conductive spacer [6] is 
inserted between the MA core and the cooUng plate. The 
effect of thickness was measured for a small sized MA 
core (O.D.=340mm, I.D.=140mm, L=2Smm). Figure 1 
and Figure 2 show the cavity impedances as a function of 
rf frequency with the different thickness of cooling 
spacers with and without metal plate. 

It was found that the "parallel inductance" of the core 
was strongly disturbed by the gap between the MA cores 
and the metal plate as shown in figure 2. The shorter gap 
between core and metal plate causes severe additional 
capacitive component. By these results, as a thermally 
conductive spacer, the thickness of 3mm is adopted to the 
full-scale design of cavity cooling plate. 
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LARGE MA CAVITY 
The full-scale cavity design is base on the rf cavity of 

PoP FFAG [7]. The horizontal dimension of vacuum duct 
is very large because of the orbit excursion of the FFAG is 
very large. By this reason, core size of ISOMeV FFAG 
has a very large horizontal dimension. The mechanical 
dimensions of large MA core are listed in table 2. 

Table 2: Mechanical dimension of large MA core 

Core material FINEMET(FT-3M) 

Outer size 1700x950 mm 

Inner size 980x230 mm 

Aperture of metal frame 940x190 mm 

Core Length 25 mm 

The MA cores are indirect cooled by aluminum water 
cooled plates with the thermally conductive spacer 
(DENKA, FSL-B: 3W/mK). Total of four cores were 
installed in a cavity. When the power loss in a MA core is 
about 15tW/core, the estimated power density is about 
1 W/cm'in a MA core. 

Figure 3: Photograph of cooling plates and MA cores 

Figure 4: Photograph of the 150MeV FFAG cavity. 
(After a vacuum duct with a ceramic gap was inserted) 
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Total cavity cooling water flow rate of 70 litter/min is 
required. Figure 3 shows a photograph of cooUng plates 
and MA cores during assemble a cavity. 

Actual impedance of cavity is strongly affected by 
additional stray capacitance from the cavity components 
such as a ceramic gap, cooling plates and so on. The rf 
cavity is connected with the vacuum tubes of a high 
power rf amplifier. The cavity impedance with vacuum 
tubes was measured by using the network analyzer. 
Figure 4 and 5 show the results of these measurements. 

It was found that the big capacitance components cause 
the reduction of cavity impedance. The measured 
impedances (Z) of 320~170Qare correspond to the 
acceleration frequency range of 1.5~4.6MHz. We 
prepared one set of rf station (cavity & amplifier) only. 
The second rf station of 150MeV FFAG will be newly 
designed after actual operation of this rf system. 
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WTOE BAND AMPIFIER 
The radio frequency high power amplifier supplies rf 

power to the cavity. Specifications of the rf wideband 
amplifier for the ISGMeV FFAG proton synchrotron are 
listed in table 3. 

Table 3: Specifications of the rf amplifier 

RF frequency 1.5MHz~4.6MH 

RF voltage 0.5 kV(peak) 

RF output power 55 kW 

Class B class, Push-pull 

Power Tube 4CW25000AX 2 

Several types of wide band rf power amplifiers was 
developed at KEK [8],[9]. 
The first is the direct loop couple method by using an 
anode wire. Second is the choke couple method with dc 
cut capacitors. A schematic diagram of choke coupling 
circuit is shown in figure 7. A practical choke circuit is 
shown in figure 8. This second method has an advantage 
about the voltage holding in the cavity circuit. But the 
defect is that the choke has some resonance mode. 

The 2"'' resonance of the choke is the serial resonance 
mode. As this serial resonance makes the short circuit to 
the anode potential, the fr voltage at the anode of the tube 
is eliminated by the second resonance. 

Coupling C(=DC Cut) 

RF Cavity 

777 

Figure 7: Diagram of the output circuit with RFC (Radio 
Frequency Choke) and the dc cut capacitor. 

Figure 8: Photograph of the output circuit in the rf power 
amplifier. An RFC and dc cut capacitor are connected by 
the large sized cooper bus bar. RFC is winding on three 
pieces of toroidal cores. 

Figure 9 shows origins of these resonances in the anode 
choke coil. The T' resonance is a parallelresonance, this 
resonance mode has not severe effect. The measured 2°'' 
resonance frequency of the actual choke coil was about 
12MHz. This higher firequency of 2"'' resonance is 
achieved by using special toroidal cores. 

*-VHF 

Figure 9: Resonance modes of anode RFC coil. 
(a) 1" resonance (=parallel resonance). 
(b) 2"'' resonance (=serial resonance). 

SUMMARY 
A wideband rf acceleration system for the ISOMeV 

FFAG proton synchrotron has been developed at KEK. 
The indirect cooling core cooling method was developed 
with a special thermally conductive spacer sheet. An 
anode choke coil shows good quality by using special 
toroidal cores. 
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DIRECT-COOLING MA CAVITY FOR J-PARC SYNCHROTRONS 

T. Uesugi*, Y. Mori, C. Ohmori, A. Takagi, M. Yoshii, KEK, Tsukuba, Japan 
M. Yamamoto, F. Tamura, JAERI, Tokai, Japan 

and A. Schnase, COSY, Juelich, Germany 

Abstract 

The first rf cavity for the J-PARC(Japan Proton Accel- 
erator Research Complex) 50GeV synchrotron has been 
developed. In the cavity, magnetic-alloy(MA) cores are 
cooled by water directly. With the cavity, we have accom- 
plished an acceleration field of more than 50 kV in 1.776 m 
cavity length. We show the design of the rf cavity and re- 
sults of high-power tests. 

1   INTRODUCTION 

In the J-PARC project[l], a proton beam will be ac- 
celerated from 181 MeV to 3 GeV in the rapid cycle 
synchrotron(RCS), and then up to 50 GeV in the main 
ring(MR). The parameters of the synchrotrons are listed 
in Table 1. In both synchrotrons, an accelerating field 
of about 30 kV/m is required. In order to realize such a 
high field-gradient, we will employ rf cavities loaded with 
magnetic-alloy(MA) cores whose impedance is kept high 
under high magnetic field as 2 kG at least[2]. The average 
power-dissipation of the cavity, taking the duty factor into 
account, will become about 120 kW/cav(40 kW/cell) for 
the RCS and about 240 kW/cav(80 kW/cell) for the MR, 
respectively. 

Because of the high power-dissipation, it is important to 
cool the cores efficiently. We have developed two types 
of rf cavities as candidates for the J-PARC synchrotrons; 
One is indirect-cooling MA cavity, and the other is direct- 
cooling one. In the indirect-cooling cavity, the MA cores 
are cooled by cooling-disks indirectly[3]. With the cav- 
ity a gap voltage of lOkV was stably obtained in the RCS 

parameter RCS MR 
circumference 348.3 m 1567.9 m 
particle energy 0.181~3GeV 3~50 GeV 
revolution freq. 0.94~ 1.67 MHz 1.67^1.72 MHz 
repetition time 40 msec ~3sec 
harmonic no. 2 9 
max. rf-voltage 450 kV 280 kV 
duty(power) ~30% ~60% 
no. of cavities 11 6 
cavity length 1.776 m 1.776 m 
quality factor 2~3 ~10 
no. of gaps 3/cavity 3/cavity 

Figure 1: Direct-cooling MA cavity. 

• He has moved to NIRS, Inage-ku, Chiba, Japan 

Figure 2: Inside the tank. 

frequency-band, and the averaged-power of 36 kW/gap was 
removed by water. 

In the direct-cooling cavity, on the other hand, the MA 
cores are installed in a water-sealed tank and cooled by 
water directly. This type of cavity is used in the NIRS- 
HIMAC[5] and in the KEK-PS second-harmonic cavity[6]. 
In this paper, we report the design and the performances of 
the direct-cooling MA cavity for the J-PARC synchrotrons. 

2   CAVITY DESIGN 

Figure 1 shows the picture of the direct-cooling MA cav- 
ity. The cavity consists of three identical cells, and each 
cell has an accelerating gap at the center, three MA cores 
on both side, and vacuum capacitors for tuning. It has no 
dynamic tuning system because of the broad-band charac- 
teristics of the MA. The accelerating gaps are connected 
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with a couple of bus-bars in parallel. The rf power is put by 
a 1 MW push-pull amplifier with two tetrodes(TH558)[4]. 

The dimension of the MA cores is 800 mm(OD)- 
250 mm(ID)-35 mm(TH). The cores are diametrically cut 
in two by water-jet-cut in order to control the quality 
factor[5]. The accuracy of the cut-surface is ~1 mm, which 
should be improved not to disturb the water-flow there. 
Three MA cores are piled in a water-sealed tank with FRP- 
disks inserted between, and fixed by spacers at outer side 
and the cut-surfaces of the cores(Fig. 2). Those spacers 
are not only for the core-support but also for excluding a 
part of water around the core, which causes the impedance 
reduction due to the dielectric effect of the water(e ~80). 
The band-width, or quality factor(Q) of the cavity in other 
word, is controlled by changing the thickness of the spac- 
ers at the cut-surface; It is 1 mm for the RCS(Q ~2) and 
10 mm for the MR(Q ~10). 

Cooling-water comes from the bottom of the tank and 
flows upward. The configuration of the core-support pieces 
on the FRP-disks should be optimized to diffuse the water- 
flow. In a direct-cooling MA cavity, it is important to pro- 
tect the cores from rusting or corrosion. We are planning 
to protect the cores by coating them with epoxy- and then 
polyester-resin with ~0.2 mm thickness. According to a 
small-sample test, the surface of an MA core has survived 
in a 6 % FeCls solution at 50 "C over 24 hours. 

3   HIGH-POWER TEST 

High-power tests of the cavity were carried out with the 
RCS and the MR setup, respectively. 

3.1    cavity impedance 

As is written before, the resonant frequency and the 
band-width of the cavity are determined by the tuning ca- 
pacitance and gap width of the cut-core. The parameters 
of the cavity are shown in Table 2. Figure 3 shows the 
impedance of the cavity measured from the accelerating 
gap directly The effects of the capacitance due to the tube 
and the water are included. In the Fig. 3, the dashed line 
shows the case where three cells are filled with the cores 
and connected to the amplifier, and rigid ones show only 
one cell is connected. Three cells impedance for the RCS 

Table 2: Parameters of the cavity for the RCS and the MR 
setup. 

parameter RCS MR 
cut-core gap width 
tuning capacitance 

1.5 mm 
400 pF 

10 mm 
1600 pF 

number of cells 
peak impedance 
resonant frequency 
band-FWHM 

1 
837 fi 
1605kHz 
549 kHz 

1 
786 0 
1800kHz 
189 kHz 

3 
263 0 
1821kHz 
195 kHz 

0        1 2        3456789       10 
frequency(MHz) 

Figure 3: Cavity impedance measured from the gap. 

setup is not measured in this moment. Without the water 
inside the tank, one-cell impedance with the MR setup was 
960 0 at its peak; The impedance reduction due to the wa- 
ter is about 18%. 

As shown in Fig. 3, the band-width with the RCS setup 
was not enough to cover the required range, because the 
cut-surfaces of the cores were not flat enough to reduce the 
Q-value. 

There is a parasitic resonance at 6.2 MHz when three 
cells are loaded. That resonance came from the inductance 
of the bus-bars and resonant capacitors, and it was found 
that we could damp it by putting damping resistors on the 
bus-bar and adding another bus-bar[7]. In addition, another 
impedance measurement with a conductor wire showed 
that the parasitic resonance is not observed[8]. 

3.2   MR setup 

We have input an rf-power into just one cell of the cav- 
ity with the MR setup. The operating frequency was fixed 
at 1.785 MHz. A gap voltage of 18 kV was successfully 
obtained with 50 % duty in 2.0 sec on/off period. The 
averaged rf-power was calculated to be 103 kW, which 
was beyond the requirement. The wave-form of the gap 
voltage looked quite good. The temperature rise of the 
cooling-water, whose flux was 50 i/imn for each tank, was 
about 15 'C ; That value was consistent with the power- 
dissipation at the cores. 

In the next, we have input power into the whole cav- 
ity, ie. three-cells cavity At 1.81 MHz the voltage up to 
18 kV/gap was stably obtained for 6 hours. After a 49 hours 
long run with 17 kV/gap, we opened the water-tanks of the 
cavity and found no damage on the cores or FRP pieces. 
The power-test is limited by the water-cooling system of 
the experimental facility. Thus, the direct-cooling MA 
cavity has completely satisfied the requirements of high- 
voltage and high-power performance for the MR. 
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3.3   RCS setup 
Preliminary high-power test for the RCS setup has also 

been done with the cavity. The rf-power was continuously 
input into one cell of the cavity. The gap voltage of 12.4 kV 
was obtained; That corresponds to the rf-power of 90 kW, 
which is more than twice of the requirement. The temper- 
ature rise of the water was 12 "C . 

After 5 hours high-power operation, a part of the cores 
were damaged by heat at the cut-surface where the heat was 
concentrated. Because the cores were designed for the MR, 
the flatness of the cut-surface was not enough and and the 
coolant is difficult to flow in the narrow-gap case. We are 
trying to improve the water-flow control by improving the 
smoothness of the cut-surface. 

4   COMPARISON TO THE 
INDIRECT-COOLING 

We compare the direct- and indirect-cooling[3] MA cav- 
ities at this moment. With the indirect-cooling cavity with 
the RCS setup, an rf power of 40kW/cell was succesfully 
cooled by water. On the other hand, high-power test has not 
been tried with the MR setup because of the heat concen- 
tration at the outside of the MR cores, which was observed 
in a single-core test in wide gap(~l cm) condition. In ad- 
dition, the adhering strength of the insulator between a core 
and a cooling-disk is important, because a presence of an 
air-gap between them seriously reduces the local cooling 
efficiency. A part of the insulators was peeled off by ther- 
mal stress under a high-power operation. The cooling effi- 
ciency of the direct cooling is better than the indirect one. 
This is the main reason we decide to use the direct cooling 
scheme for J-PARC cavity. 

The impedance reduction comes from the capacitive ef- 
fects between cores and other material. It is larger in case 
of the direct-cooling than that of indirect one because of 
the high dielectric constant of water. The effect becomes 
severe at the high frequency region. To reduce the effect, 
the purity of water is important. It is possible to overcome 
the disadvantage by using a coolant with lower dielectric 
constant like fluorinert[6]. 

There might be a situation where one have to change the 
gap-distance slightly to readjust the bandwidth of the cav- 
ity. In the indirect-cooling cavity, it is easy to push one half 
of the MA cores to control the gap-distance. However, in 
the direct-cooling one, we need to open the tanks and fix the 
cores with a different thickness of the spacers. We need to 
improve the maintenanceability of the direct-cooling cav- 
ity. 

the RCS setup with the heavy duty operation(200% of the 
requirement) where the gap distance was narrower. This 
problem will be solved by improvement of the cut-surface. 
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5   SUMMARY 

We have newly developed a direct-cooling MA cavity 
for the J-PARC synchrotrons, and examined it with high- 
power rf. The cavity accomplished the required rf-voltages 
for the MR and the RCS operations. The cores were cooled 
well with the MR setup. However, it was not sufficient with 
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HIGH POWER TESTING OF THE 402.5 MHZ AND 805 MHZ RF WINDOWS 
FOR THE SPALLATION NEUTRON SOURCE ACCELERATOR* 

K.A. Cummings, J.M. De Baca, J.S. Harrison, M. Rodriguez, P.A. Torrez, D.K. Warner, 

LANL, Los Alamos, NM 87544, USA 

tested at the full average power and duty factor for four 
., hours; and then peak power tested to an effective forward 

Historically, Radio Frequency (RF) windows have been 
a common point of failure in cavity input power couplers; 
therefore, reliable RF windows are critical to the success 
of the Spallation Neutron Source (SNS) project. The 
normal conducting part of the SNS accelerator requires 
six RF windows at 402.5 MHz and eight RF windows at 
805 MHz [1]. Each RF window will transmit up to 180 
kW of average power and 2.5 MW peak power at 60 Hz 
with 1.2 millisecond pulses. The RF windows, designed 
and manufactured by Thales, were tested at the full 
average power for 4 hours to ensure no problems with the 
high average power and then tested to an effective 
forward power level of 10 MW by testing at 2.5 MW 
forward power into a short and varying the phase of the 
standing wave. The sliding short was moved from 0 to 
180 degrees to ensure no arcing or breakdown problems 
occur in any part of the window. This paper discusses the 
resuhs of the high power testing of both the 402.5 MHz 
and the 805 MHz RF windows. Problems encountered 
during testing and the solutions for these problems are 
discussed. 

Figure 1: 402.5 MHz Wmdows and Vacuum Waveguide. 

TH2M1S. 805 MHi RF WNDOW 

EXPERIMENTAL SETUP 

Window Geometry 
The 402.5 MHz and 805 MHz windows are planar 

windows, shovra in Figures 1 and 2, respectively. The 
vacuum side of both windows is copper plated stainless 
steel waveguide, and the air side is aluminum waveguide. 
The 402.5 MHz window consists of 1/2 height WR 2100 
waveguide on the vacuum side and full height WR 2100 
on the air side. The 805 MHz window consists of fiill 
height WR 975 waveguide on both the air and the vacuum 
side. The ceramic in both windows is a high purity 
alumina ceramic. 

Test Stand Configuration and Diagnostics 
A 2.5 MW klystron was used as the RF source [2]. 

Assuming waveguide and circulator losses of up to 8%, 
2.3 MW of peak RF power was available in the test area. 
In a transient condition, 2.5 MW was obtained. The 
steady state power was 2.3 MW peak power. 

High average power testing and high peak power 
testing require different test configurations. In the high 
average power testing the forward power is transmitted 
through the windows into a matched load, as shown in 
Figure 3. The peak power test setup is the same, but 
instead of a load a sliding short is used. The windows are 
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Figure 2: 805 MHz Wmdow Schematic 

power level of 10 MW by testing at 2.5 MW forward 
power into a sliding short and by varying the phase of the 
standing wave. The sliding short was moved from 0 to 
180 degrees to ensure no arcing or breakdown problems 
occur in any part of the window. 
The RF power was measured with four directional 
couplers, as illustrated in Figure 3. The vacuum pressure 
was measured with two ion gauges that are interlocked to 
turn off the RF power if the pressure rises above 1 x 10"^ 
Torr. The water inlet and outlet temperatures and surface 
temperatures are also measured. Fiber optic arc detectors 
are used on both the air side and the vacuum side of the 
ceramic. If an arc is detected, an interlock turns off the RF 
power for 1.6 seconds. A Lab VIEW data acquisition 
system is used to monitor, display and record the RF 
power, pressure, water inlet and outlet temperatures, 
surface temperatures and the total number of arcs 
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detected. The control racks for the test stand are shown in 
Figure 4. The racks are, from left to right, the 805 MHz 
arc detection rack, two 805 MHz transmitter racks; the 
computer rack for Lab VIEW data acquisition program; a 
rack containing the HV ready/ crowbar interlock chassis, 
the ion gauges for the window vacuum; a scope 
displaying HV pulse waveform, pulse generator and RF 
signal generator; and a rack with 402.5 MHz arc 
detectors, the vacuum interlocks and the gate valve 
controllers. 

CHrecCiontf CirculalM 

t>- 
Coupta n Coupler« 

[Z^ □ 

n 
Figure 3: Test Block Diagram for Average Power Testing. 

These two windows were then baked out and then 
successfully conditioned and tested. Two 402.5 MHz 
windows were baked out, vented to nitrogen, exposed to 
air, and then re-pumped and tested at high power. There 
was not a second bake out after the windows were 
exposed to air. The windows were still successfully 
conditioned and tested. 

<X  'J.DO TS.Oe   K-Ci 

BMtam Tni (HBI 

Figure 5: Temperature vs. Time during Bake Out 

Vocuun Pr**»ui« during Bakt 

Figure 4: Control Racks for RF Window Test Stand. 

EXPERIMENTAL RESULTS 

High Temperature Bake Out Results 
A high temperature vacuum bake out is done to release 

particles and water vapor embedded in the ceramic and 
vacuum waveguide surfaces. During the bake out, the 
windows are held between 150 fiC to 200 BC until the 
pressure drops below 5x10"' Torr as shown in Figure 5 
and Figure 6. It typically takes 5 hours for the windows 
to reach the required temperature. It takes 10 to 15 hours, 
once the windows are at the required temperature, for the 
vacuum level to decrease to below 5 x 10"' Torr. Because 
of safety regulations, the bake out is not allowed to run 
unattended. The bake out requires 3 to 4 days. 

Experiments done to validate the need for the bake out 
showed that the bake out is essential to conditioning the 
windows successfiilly and expediently. Testing of two 
unbaked 402.5 MHz windows was attempted, but it was 
not successful because the vacuum pressure was too high. 

Figure 6: Pressure vs. Time during Bake Out 

High Power Test Results 
The conditioning procedure consists of beginning with a 
low duty factor and gradually increasing the power level. 
Next, the peak power level is lowered, the duty factor is 
increased and then the peak power level is gradually 
raised at the new duty factor. For the 805 MHz windows, 
a graph of the peak power verses time is shown in Figure 
8. Once the windows are conditioned, the four hour heat 
run is done at fall power and duty factor, also illustrated 
in Figure 8. It took about 10 hours to condition the two 
805 MHz windows to the fall power and duty factor. 
There were only a few arcs and the conditioning rate was 
limited by the pressure, as expected. 
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Figure 7: Windows in Heat Blankets during Bake Out. 
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Figure 8: 805 MHz Window Peak Power vs. Test Time 

It took 5 hours to condition the first two 402.5 MHz 
windows to 500 kW. The available power supply voltage 
was limited, thus they were run at 500 kW for seven more 
hours. Once the fiill power supply capacity was available, 
they were conditioned up to fUU power in two hours. This 
results in a total conditioning time of 7 hours. The second 
two 402.5 MHz windows were conditioned up to 500 kW 
in 4 hours and then once the fiill power supply capacity 
was available, they were conditioned up to fall power in 3 
hours. Thus, the average conditioning time for all 6 
windows was 8 hours. 

Problems Encountered during Testing 
Two separate problems were encountered while testing 

the 402.5 MHz windows. The first problem was that a RF 
leak was found on the top surface of the waveguide in the 
region of the ceramic. The leak was measured at 9.7 
mW/cm'^2 at a distance of 10 cm from the surface at 6.4 
kW average power. At 2.5 MW peak power and 180 kW 
average power, this extrapolates to 272 mW/cm'^2. This 
exceeded the specified maximum leak rate of 1 mW/cm'^2 
at a distance of 10 cm. This window was sent back to 
Thales, where it was repaired, but has not yet been re- 
tested. The leak was due to an inadequate RF seal caused 
by loose bolts around the ceramic, as shown in Figure 9. 

The Thales assembly procedure was modified and 
additional post-delivery inspections were implemented. 
The second problem encountered during testing is that the 
second pair of 402.5 MHz windows are arcing during the 
peak power test with the sliding short. This pair of 
windows does not arc at all when run into a matched load. 
When run into a sliding short, both circulator and window 
arcs occur at the same time. This problem has not yet 
been resolved and it may be due to arcs in the waveguide 
run and/or circulator and not due to window arcs. To help 
isolate the arcing problem, air will be blown through the 
waveguide to reduce window arcs during the next sliding 
short window tests. 

Figure 9: 402.5 MHz Inner Bolt Circle 

CONCLUSIONS 
Two of the eight 805 MHz windows and four of the six 

402.5 MHz windows have been successfally baked out, 
conditioned and tested. The test results are very important 
for four different reasons: First, they prove the design 
concept of the windows. Second, they have shown that 
the bake out is an essential part of the testing process. 
Windows could not be conditioned and tested without a 
bake out. Third, if a window is baked out and then vented 
to nitrogen, it retains the benefits of the bake out and does 
not need to be re-baked out. Previous work has indicated 
that if a window is baked, conditioned, and then vented to 
air, it can be reconditioned quickly [3]. Fourth, we have 
learned that the average conditioning time for the 
windows is 8 hours. Hence it is not feasible to condition 
windows while conditioning the accelerator. Therefore, 
the bake out and the conditioning of the windows on the 
test stand is absolutely essential to the success of the SNS 
project. 
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HOM DAMPERS FOR ALS STORAGE RING RF CAVITIES. 
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Abstract 
The main source of narrowband impedance in the 

Advanced Light Source (ALS) are higher order modes 
(HOMs) of the two main RF and three third harmonic 
cavities. These HOMs drive longitudinal and transverse 
coupled bunch instabilities, which are controlled using 
active beam feedback systems. The dominant longitudinal 
HOMs in both systems are TMon-like modes with the 
R/Q factor an order of magnitude higher than all other 
longitudinal modes. To reduce the growth rates within the 
range of the longitudinal feedback system (LFB), these 
modes were tuned away from beam resonances by means 
of cooling water temperature control (main rf system), 
and the combination of two tuners (third harmonic 
system). To improve the reliability of the longitudinal 
dampening system, we have buih and installed E-type 
HOM dampers for the fundamental and harmonic cavities. 
We present the design, commissioning and performance 
of the HOM dampers in this paper. 

INTRODUCTION 
The ALS storage ring 500 MHz RF system uses two re- 

entrant accelerating cavities apertures coupled to a 
waveguides for providing power. Originally, each main 
RF cavity was equipped with the HOM damper located in 
this waveguide as shown in Fig. 3, which resulted in 
moderate damping of some HOMs. From operational 
experience there were still three HOM main cavity modes 
that were gave instability growth rates beyond the 
damping rate of the longitudinal feedback (LFB) system 
[1] and required careful tuning to maintain beam stability. 
The most important modes are TMon mode (highest R/Q 
factor) at 0.81 GHz and two others at 2.35 GHz and 2.85 
GHz. The longitudinal symmetry of two out of the three 
modes of interest (0.81 GHz and 2.85 GHz) were an 
"odd" type, which indicated that an E-type damper 
located at the cavity equator was the best choice for a 
HOM damper (there was one port with the 48mm 
diameter available for HOM damper installation). In the 
1.5 GHz third harmonic cavities, only one longitudinal 
mode (TMoii at 2.32GHz) presented problems. This mode 
was damped with a similar HOM damper. 

E-TYPE HOM DAMPER BASICS 
The simplest E-type HOM damper consists of a pick-up 

probe and resistive termination. The damper will reach 
optimum performance when Rd=Xpr (maximum power 
dissipated in the termination resistor). 

*Work supported by the Director, Office of Science, Office of 
Basic Energy Sciences, Materials Science and Engineering 
Division, of the Department of Energy under contract No. DE- 
AE03-76SF00098. 

P„        =-ll-Xr     =i/^-i— 

In reality some length of the coaxial transmission line 
has to be introduced between the HOM antenna and the 
termination resistor. By having the termination load 
impedance different from the characteristic impedance of 
the transmission line one can achieve an enhanced 
damping eflfect at particular frequencies. The equivalent 
electrical schematic of the basic E-type damper 
terminated into resistive load is shown in Fig.l. 

i«W 4c, 
€ 

Flg.1 

where: Cpr-total probe capacitance 
/„ - displacement current induced in the 

HOM antenna for a particular cavity 
mode (for probe port shorted). 

I„=Q)„XE,\\E„-dS 

DESIGN PROCESS 
MAFIA 3D frequency and time domain processors 

have been used to determine the required size and the 
penetration of the HOM antenna into the rf cavity. Our 
goal was to damp the TMon mode to the level where the 
growth rate was well within the damping ability of the 
LFB without dissipating significant fundamental 
frequency power in the HOM damper. The best damping 
effect has been achieved with tiie 19mm copper rod 
penetrating the rf cavity by 70mm. The "cold model" has 
been build and installed on the spare cavity in our test 
stand facility. The cold model was equipped with the 
sliding piston, which allowed fiirther optimization of the 
geometry of the damper. Figure 2 shows the dependence 
of the loaded Q of the TMon mode as a function of the 
penetration of the antenna into the rf cavity. 

The total fundamental frequency power dissipated in 
the HOM damper for a 70mm antenna penetration is 
approximately 500W (for 50kW cavity cell power). More 
than 99.9% of the fundamental frequency losses in the 
HOM damper are due to eddy current losses induced on 
the surface of the antenna by the RF cavity field. 
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FIG.2 

The required power handling capabilities of the 
termination resistors for the worst scenario of single 
bunch 30mA circulating current with all HOM modes 
tuned to the adjacent current spectral lines has been 
calculated and 150 W termination resistors have been 
chosen accordingly. 

The same technique has been used while designing the 
HOM damper for the third harmonic cavities. The 
optimum performance of the third harmonic cavity 
damper was achieved for an antenna with a 10mm 
diameter and a 25mm cavity penetration. In this case the 
loaded Q of the TMon mode dropped from 15000 to 60 
with the fundamental frequency losses in the HOM 
damper of about lOOW (for 5kW cavity cell power). 

DAMPERS LAY-OUT 
The cross-section of the ALS RF main cavity and HOM 

damper is shown in Fig 3. It consists of 180mm long 
antenna, supporting coaxial structure, two 50Q. 
termination ports and the vacuum bellows. The antenna 
and the two rods connecting the coaxial supporting 
structure to the vacuum feedthrough are made of OFHC 
copper. All other parts are made of stainless steel. 
Additionally, the coaxial supporting structure is nickel 
plated, to increase the rf losses to the HOM modes, which 
are not strongly coupled to the dampening resistors. 
Terminated ports are located 281mm from the shorted end 
of the HOM main supporting structure (3/4X for TMon 
mode and 0.5>. for fundamental TMoio mode). Vacuum 
bellows allow us to minimize the coupling of the 
fundamental mode to the HOM damper, and to optimize 
the damper performance over all frequency spectra. 

The HOM damper antenna and the coaxial supporting 
stem are water-cooled. The damper is located on the 
movable table, which allows position of the antenna with 
all six degrees of freedom. Fundamental frequency 
coupling factor to the HOM damping port is lower than - 
60dB. 

In the third harmonic cavity case the optimization of the 
position of the antenna in the cavity is not as critical since 
there is only one monopole mode required to be damped 
and the cavity cell power is a factor of 10 lower than in 
the main cavities. For these reasons bellows have been 
excluded from the damper layout, and the damper is 
directly attached to the cavity flange without any 
additional support. Over the next few months we will 
install a second identical damper on each third harmonic 
cavity, which will damp the second (horizontal) 
component of the "odd" dipole modes. 

PERFORMANCE 
The results of the measurements of the longitudinal 

HOM spectrum at fundamental frequency cavity before 
and after damper installation are shown in Table!. 

Without dampei 
Table 1 

With damper 
F Q R.h F 0 R.h 
MHz kQ MHz kQ 
499.6 40400 5000 499.8 40000 4960 
809 38700 1970 810.6 100 5.1 

1026.6 8250 9.9 1027.1 940 5.9 
1310.8 10300 159 1327.8 280 4.3 
1353.4 4000 39.2 1379.5 110 1.1 
1554.1 5600 41.4 1560 940 7.0 
1808.5 2850 13.1 1806.5 240 1.1 
1883.7 1650 4.6 1886.2 540 1.5 
2130.4 16800 58.8 2129.6 7200 25.2 
2271.6 1800 6.8 2274.3 1500 6.5 
2350 27500 99 2348.1 16300 58.7 
2850 33500 142 2850 5360 22.8 

We've been investigating an impact of the HOM 
damper on the few most important dipole modes. The 
results of the measurements are given in Table2. 
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Table 2 
Without damper With damper 

Mode FH OH Fv Ov F„ OH Fv ■oni 
MHz k MHz k MHz k MHz k 

1-M-l 707 36.2 708.4 46.5 723 2.8 709 44.2 
1-E-l 810 51.1 796 0.9 811 48.3 796 0.9 
l-M-2 1122 7.4 1123 38.1 1102 2.1 1123 38.1 

One could notice the positive effect of our E-type 
damper on the horizontal component of the "odd" dipole 
modes. The dampening effect of the vertical component 
of the 1-E-l and some other "even" modes is the result of 
the "waveguide" type HOM damper installed in the rf 
power waveguide and coupled to the cavity via rf power 
coupler. 

There is only one "odd" longitudinal mode "trapped" 
inside the third harmonic cavity (TMon mode), which was 
effectively damped by single HOM damper installed in 
April 2003. The cross-section of the ALS third harmonic 
cavity with two E-type HOM dampers is shovni in Fig 4. 
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FIG.4 

CONCLUSION 
The installation of the HOM dampers on ALS rf 

cavities was an immediate success. Now, the ALS storage 
ring can operate with the 312 bunch filling pattern (with 
help from the third harmonic cavities Landau damping 
effect) without the Longitudinal Feedback System closed. 
For the 276 bunch beam pattern due to the significantly 
higher phase transient effect the LFB system is still 
required, but it can operate with significantly lower gain. 
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Abstract 

We present a 201-MHz RF cavity design for muon 
cooling channels with non-stressed and pre-curved Be 
foils to terminate the beam apertures. The Be foils are 
necessary to improve the cavity shunt impedance with 
large beam apertures needed for accommodating large 
transverse size muon beams. Be is a low-Z material with 
good electrical and thermal properties. It presents an 
ahnost transparent window to muon beams, but terminates 
the RF cavity electro-magnetically. Previous designs use 
pre-stressed flat Be foils in order to keep cavity from 
detuning resulting from RF heating on the window 
surface. Be foils are expensive, and difficult to make 
under pre-stress to accommodate thermal expansion. An 
alternative design is to use pre-curved and non-stressed 
Be foils where the buckling direction is known, and 
frequency shifts can be properly predicted. We will 
present mechanical simulations of the Be window 
designs. 

INTRODUCTION 
High gradient RF cavities at 201 MHz are required for 

muon cooling channels in a neutrino factory or a muon 
collider, and also for a recently proposed muon cooling 
demonstration experiment at RAL (Rutherford Appleton 
Laboratory) - MICE (An International Muon lonization 
Cooling Experiment). As high as 16 MV/m at frequency 
of 201 MHz is required, or 1.07 Kilpatrick. Eight 201 
MHz cavities are needed for the MICE cooling channels, 
but the accelerating gradient for MICE will have to be 
limited to ~ 8 MV/m restricted by budget for RF power 
sources, not by cavity design. The cavity design supports 
a gradient of 16+ MV/m. In order to achieve such a high 
gradient for naturally large dimension muon beams, using 
conventional open iris structures would inevitably 
introduce very high peak siuface fields, a limiting factor 
of achievable accelerating gradient. A closed-cell 
(pillbox like) cavity design was proposed and reported [1] 
where the beam apertures are electro-magnetically 
terminated by low Z and thin Be foils. To keep the cavity 
from detuning by RF heating power, these Be foils are 
under tension which is introduced by small CTE 
(coefficient of thermal expansion) difference between the 
thin Be foils and thick Be window frame during the 
brazing process. The pre-stressed windows should stay 
flat up to a certain temperature gradient limit where the 
pre-tension becomes zero. This temperature gradient limit 
determines how much heating power it can take for a 
given window thickness. 

Manufacturing of the pre-stressed Be windows is 
expensive, and predicting the temperature limit is 
difficult. Predictions on the temperature gradient limit are 
difficult. Previous Be window designs for the 201 MHz 
cavity were scaled from the pre-stressed Be windows for 
an 805 MHz cavity. Recent experimental tests on the 805 
MHz cavity found that the cavity frequency started to 
shift at a lower than predicted temperature gradient on the 
windows (the frequency shift was quite small and well 
within the klystron bandwidth). By taking advantage of 
the pillbox-like profile, non-stressed and pre-curved Be 
windows should result in smaller frequency shifts with 
both windows are installed oriented to the same direction 
in a cavity. 

THE 201-MHZ CAVITY 

Cavity Profile 
The cavity shape has a slightly re-entrant round profile 

with a large beam aperture of 21 cm in radius. The cavity 
profile has been updated recently, and a small 2° tilt angle 
has been added at radius out of iris region to avoid having 
a two-parallel-plane configuration in consideration of 
possible multipacting problem, as shown in Figure 1. 

2i.09i 

Figure 1: The 201 MHz cavity profile (only 1/8 of the cavity 
is shown here) 

Cavity Parameters 
The cavity parameters are listed in Table 1 for Study-II 

and MICE muon cooling charmels. 
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Table 1: 201 MHz cavity parameters 

Name Study-II MICE 

Length (cm) 43 43 

Radius (cm) 61.2 61.2 

Accelerating Gradient (MV/m) 16.2 8.0 

Voltage on crest (MV) 5.76 2.84 

Peak forward power* (MW) 4.63 1.0 

Peak stuface field (MV/m) 26.5 13.1 

Assumed 3T filling time and 85% of theoretical Qo 

NON-STRESSED AND PRE-CURVED BE 
WINDOWS 

Window Profile 
Experimental studies on pre-stressed flat Be windows 

have shown that the window started buckling at a limiting 
temperature gradient where the tension in the foil became 
zero. The measurements were conducted on 16 cm 
diameter windows in an 805 MHz cold-test cavity using 
halogen lamp as a heating source. Both no-stressed Al and 
pre-stressed Be windows were measured. These 
measurement results are summarized in Figure 2. It is 
worth pointing out that it is difficult to predict the 
buckling direction of the pre-stressed flat windows once 
the re-tension becomes to zero. 

- Low thermal stress within the window for a given 
temperature gradient 

- Out-of-plane   window   displacement   for   a   given 
temperature gradient 

- Ability for window to deform in a single direction 
- Thinner window (less material and less scattering) 
- Mechanical stiffness (characterized by mechanical 

resonant fi-equency) 
- Cost and manufacturing 

Figure 3 shows the window profile evolutions during the 
design process. We started with a single bow (curvature) 
window and found the thermal stress was too high at the 
annular frame. Then a new window design is developed 
to having an intersection between a concave and a convex 
in a region away from the edge of the frame, which makes 
the window more flexible and allow for more fi-ee 
expansion. The thermal stress is then further reduced. 

1 I I I I I I I M I M I I I i M I I I I I I I M I 

• Be window witin edge constraint 
I Be window without edge constraiql 
■ Al window with edge constraii:^' 
■ Al window without edge^ednstroint 

mfll 

25.0 50.0 75.0 

Temperature rise (°K) 

100.0 125.0 

Figure 2: Experimental measurements on pre-stressed Be 
windows in an 805 MHz cold-test cavity. Temperature rise here 

is defined as the temperature difference between the window 
center and window frame. Limited by measurement sensitivity 

(resolution), a measurable displacement seemed to start at 35 °C. 

A non-stressed and pre-curved window design has been 
developed to replace the pre-stressed flat windows. The 
following criteria have been considered during the 
evolution of the window design: 

Figure 3: Window cross-section profile evolutions: from one to 
two curvatures (left to right) 

The window thickness has been varied from 0.125-mm to 
0.5-mm to study its effect on thermal stress. Since 
windows thinner than 0.125-mm tend to be more 
expensive, we chose a window thickness of 0.38-mm as a 
baseline study parameter for the window with 42-cm 
diameter. 

FEA Modeling 
Each window profile configuration has been modeled 
using FEA (Finite Element Analysis) code ALGOR in 2-D 
and 3-D. The following temperature distribution is then 
applied over the window for thermal and mechanical 
simulations [2]. 

where T^ax is the temperature gradient limit, R the 
window radius. This temperature distribution is a result of 
magnetic field distribution of TMQIO mode in a pillbox 
cavity and the low radial thermal transfer of thin material. 
The fact that the window center as the hottest spot is due 
to the limited thermal conduction within the thin Be foil. 
As one would expect that T^ax is proportional to the total 
RF heating power over the window, and inversely 
proportional to window thickness. T„HX=100 °C, which is 

1244 



Proceedings of the 2003 Particle Accelerator Conference 

higher than the temperature limit for operational gradient 
of 16 MV/m, have been assumed and used for all the 
simulations. 

Figure 4 shows a 3-D FEA model of the non-stressed 
and pre-curved Be windows with two curvatures, together 
with their mechanical resonant frequencies. In this 
example, two lowest and one higher order mechanical 
resonant vibration distributions are shown in this figure. 

Window thickness: 0.38 mm 

Figure 4: 3-D FEA model of a 42cin diameter, 0.38-mm thick 
and non-stressed and pre-curved Be window. Vibration 

distributions and their natural resonant frequencies have also 
been shown. 

Window Displacement 
Window displacements of the 42 cm diameter Be foils 

of different thickness were simulated after applying the 
above temperature distribution. Table 2 lists the maximum 
displacement at the window center from its natural 
position. 

Table 2: Be window displacement versus thickness 

Thickness (mm) 0.25 0.38 0.50 
Displacement (mm) 2.42 2.25 2.13 

The amoimt of the displacement is considered to be 
acceptable as long as all the windows are installed 
oriented in the same direction, which also results in 
minimum frequency shift of the cavity. 

Thermal Stress 
Similarly, the corresponding stresses due to the thermal 
load (Tn,ax=100 °C) are simulated and their results are 
UstedinTable3. 

Table 3: Thermal stress versus window thickness 

Thickness (mm) 0.25 0.38 0.50 
Thermal Stress (MPa) 150 169 179 

Considering temperature gradient for thicker windows is 
lower (scaled linearly with d, the window thickness), all 
the above windows should work, and yet give adequate 

safety margin. The thermal stresses are much less than 
the Be stress limit of- 340 MPa. 

Window Fabrication 
A concept for fabrication of the pre-curved Be window is 
shown in Figure 5. A smaller window of 16 cm diameter 
using the same concept will be tested first. This test may 
be conducted in either room temperature or up to the 
recommended forming temperature of Be depending on 
the resulting window profile. We expect that the window 
may spring back slightly to its natural shape after the 
forming process. This will be quantified during the tests. 
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Figure 5: A concept for fabrication of pre-curved Be window. 

Future Work 
The fabrication concept of pre-curved windows will be 
realized in 16 cm diameter windows using materials 
having similar mechanical properties as beryllium. Time 
domain simulations will be performed to study possible 
mechanical resonant excitations by RF impulse using 
operational parameters for Study-II and MICE cooling 
channels. 

CONCLUSION 
A non-stressed pre-curved Be window has been designed. 
FEA simulations show it has more mechanical flexibility 
and thermal capability to handle the RF heating power 
while keeping the required cavity performance. 
Experimental tests and engineering efforts will continue. 
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Abstract 
We report recent high power RF tests on an 805 MHz 

RF pillbox cavity with demountable windows over beam 
apertures at Lab G of Fermilab, a dedicated facility for 
testing of MUCOOL (muon cooling) components. The 
cavity is installed inside a superconducting solenoidal 
magnet. A 12 MW peak RF power klystron is used for the 
tests. The cavity has been processed both with and 
without magnetic field. Without magnetic field, a gradient 
of 34 MV/m was reached rather quickly with very low 
sparking rate. In a 2.5 T solenoidal field, a 16 MV/m 
gradient was achieved, following several weeks of 
conditioning. Strong muhipacting effects associated with 
high radiation levels were measured during processing 
with the magnetic field. More recently Be windows with 
TiN-coated surface have been installed and tested with 
and without the external magnetic field. 16 MV/m 
gradient without magnetic field was reached quickly as 
plaimed. Less muhipacting was observed during the 
conditioning, indicating that the TiN-coated surface on 
the windows had indeed helped to reduce the secondary 
electron emission significantly. A gradient of 16.5 MV/m 
was finally achieved with magnet on in solenoidal mode 
and the field up to 4 T. Preliminary inspection of the Be 
window surface found no visual damage, in comparison 
with Cu windows where substantial surface damage was 
found. Preliminary imderstanding of conditioning the 
cavity in a strong magnetic field has been developed. 
More thorough window and cavity surface inspection is 
under way. 

INTRODUCTION 
Accelerators for intense muon beams call for very high 

gradient RF cavities at various frequencies. The high 
gradient is required to manipulate muon beams that are 
created with a large 6-D phase space, and decay rapidly 
(muon lifetime is about 2 us at rest). Any manipulation 
to the muon beams has to be done quickly, including 
cooling. For instance, on the muon cooling channel design 
for Study-II [1] calls for accelerating gradient of ~ 16 
MV/m at 201 MHz, compared to ~ 15 MV/m Kilpatrick 
criterion at the same fi-equency. Moreover these cavities 
have to be installed inside a superconducting magnet 
where magnetic fields are as high as a few Tesla. 
Therefore normal (warm) conducting RF cavity 
technology has to be used. Cavity geometry optimization 

alone is not sufficient to reduce the peak surface field and 
at the same time provide high shunt impedance with the 
large beam iris needed for muon beams. Taking advantage 
of the muon penetration property, a closed cell RF cavity 
was proposed [2] where the large beam iris may be 
terminated by thin low Z conducting material. The closed 
cell cavity resembles a cylindrical pillbox cavity where 
peak surface field is the same as the peak acceleration 
field on beam axis. Furthermore such a cavity design 
allows for arbitrary choices of phase advance per cavity, 
independent phase control of each cavity, and more 
freedom for beam dynamics design. Efforts to design 
such a high gradient cavity have highlighted the 
engineering challenges on how to incorporate thin Be 
windows in the cavity. Conditioning and operating a RF 
cavity in strong magnetic field of a few-T pose potential 
difficulties in overcoming multipacting zones, surface 
damage and many possible unknovras. As part of ongoing 
R&D activity for the high gradient RF cavity for muon 
beams, we have designed and constructed an 805 MHz 
pillbox cavity with demountable windows [3]. The cavity 
design allows for tests of different windows. The cavity 
has been under high power RF tests at Lab G, FNAL since 
March 2002. In this paper, we report recent test results 
and fiiture plans. Preliminary data analysis will be 
presented. Surface inspection^and analysis of windows are 
being analyzed, and is reported in another paper at this 
conference [4]. 

THE 805 MHZ CAVITY 
The 805 MHz pillbox cavity was reported previously 

[3]. The cavity and its power coupler were designed at 
LBNL using the MAFIA code in fi-equency and time 
domain, respectively. Good agreement was achieved 
between the design values and low power RF 
measurements. The cavity body was fabricated at the 
University of Mississippi, with final cavity braze carried 
out at the Alpha-Braze Company in Fremont, California. 
Final cavity cleaning, assembly, system integration and 
vacuum checking were conducted at LBNL. Four pre- 
stressed flat Be windows were purchased from Brush- 
Wellman Company in Fremont for tests. The cavity was 
shipped to Lab G of Fermilab for high power tests in 
March 2002. Table 1 lists the main RF parameters of this 
cavity in comparison with the low power RF 
measurements at Lab G 

* Work supported by the US Department of Energy under contract No 
DE-AC0376SF00098 
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Table 1: Main parameters of the cavity in comparison 
with low power microwave measurements 

Name Design Measured Unit 
Frequency 805.00 804.946 MHz 
Oo 18,800 15,080 
Coupling constant 1.0 1.08 
Radius 15.62 Cm 
Gap Length 8.1 cm 
Window diameter 16 
Be window thickness 0.127 mm 
Gradient on axis 30 MV/m 
Shunt Impedance' 32 MQ/m 

RF TEST OF THE CAVITY 

Test Set Up at Lab G 
A 12 MW peak power klystron and a superconducting 

solenoid magnet up to 5 Tesla are available for the RF 
tests. The SC magnet can be powered to operate in either 
solenoidal mode or gradient mode. Figure 1 is a photo 
taken inside Lab G test cave showing the test set up. 

Figure 1: RF cavity inside the SC solenoid at Lab Q FNAL 

The 805 MHz pillbox cavity sits inside the center of the 
warm bore of the superconducting solenoid. All necessary 
measurement equipment and probes needed for RF, 
vacuum, x-ray and dark current measurement are 
available. The RF tests can be set and controlled either by 
computers or manually. 

Test Results 
The cavity was first baked up to 115 °C with hot Nj 

purge for 2 days and then pumped down to vacuum of 
order of 10"* Torr before RF conditioning started. We will 
report the test results according to the timeline. High 
power RF conditioning was conducted on Cu windows 

* Shunt impedance definition used here: ZT-=V-/P 

first, and then followed tests of Be windows with one 
TiN-coated surface facing RF, with and without magnetic 
field. 

Test ofCu Window without External Magnetic 
Field 

High power RF conditioning started with Cu windows, 
rather than Be windows initially, without magnet the on. 
Combinations of different pulse lengths and repetition 
rates were used in conditioning phases. Multipacting 
effects were observed at low RF power as expected. 
Typical two-plate multipacting zones were observed, and 
passed rather quickly. 34 MV/m accelerating gradient was 
achieved with low x-rays, low dark current and little 
sparking. This gradient has exceeded our designed value 
of 30 MV/m. The cavity was then taken apart for surface 
inspection on cavity body and windows, no surface 
damage was found. 

Test ofCu Window with External Magnetic Field 
The cavity tests resumed with the super-conducting 

magnet on at 2.5 T in solenoidal mode. The cavity seemed 
to have lost its conditioning history and behave like a 
brand new cavity again. More multipacting zones popped 
up, and they were much harder to pass through. Radiation 
levels went up by almost 1000 times, compared to the 
case without the external magnetic field. Details on x-ray, 
dark current and radiation measurements are reported in 
[4]. Higher radiation levels and more severe sparking 
prevented us from pursuing higher accelerating gradients. 
Nevertheless we found a possible surface self-healing 
effect that appeared during a period of the conditioning. 
That is, after a period of conditioning with the magnet on, 
associated with strong multipacting zones and high 
radiation levels, we turned the magnet off and continued 
re-conditioning the cavity without magnetic field for one 
or more days. The dark currents and radiation levels were 
measured to be dropping continuously with the 
conditioning time. This process was repeated and 
verified. Higher or equal gradient was then re-gained at 
much lower radiation levels. This suggests re- 
conditioning without the external magnetic fields seem to 
be able to cure or condition the damaged surface caused 
with the strong magnetic field. 

Experiments indicated that it is difficult to run an RF 
cavity in a strong magnetic field without extensive 
conditioning. We are still exploring the best way to 
condition a cavity in such an environment. In addition to 
RF fields in the cavity, the external magnetic field (in the 
longitudinal direction) forms a strong focusing channel 
for electrons and ions and forces them to orbit within the 
channel. As this focusing force from the external magnetic 
field is much stronger then that of RF field, multipacting 
zones are no longer bound in the region of the two parallel 
windows at low RF powers only. Multipacting conditions 
may be satisfied at higher powers and larger radius. 
Numerical simulations of experimental conditions are 
required and will be conducted in the near future to 
fiirther study and understand these effects. 

1247 



Proceedings of the 2003 Particle Accelerator Conference 

A modest 18 MV/m accelerating gradient was reached 
with the Cu windows at 2.5 T magnetic field in solenoidal 
mode. The Cu windows were taken out for surface 
examination after reaching this gradient. Surface damage 
on the windows was apparent, as shown in Figure 2. 

Figure 2: Cu window after RF conditioning with the external 
2.5 T magnetic field in solenoidal mode. Surface damage 
(pitting) can be seen clearly on the photo (right), which is a 
close-up view of the center region of the same window. 

Test of Be Windows with TiN Coated Surface 
Without External Magnetic Field 

Two Be windows with TiN coated surface were 
installed face-to-face in the cavity. They are pre-stressed 
flat windows of 0.25 and 0.5 mm thickness, respectively. 
The coating thickness is ~ 200 A which is intended to 
suppressing multipacting. As was experienced in previous 
tests of the Cu windows, conditioning with an external 
magnetic field results in window surface damage. A 
modest gradient of 16 MV/m was set for conditioning 
without magnetic field. The purpose of this test was to 
make sure that we can condition the cavity with the thin 
Be windows, and yet not damage the window surface 
before switching the magnet on. Less multipacting was 
indeed observed as expected from the TiN-coated surface. 
The target of 16 MV/m was achieved quickly without 
difficulty. 

Small cavity frequency shifts were measured during the 
conditioning. This suggested that the pre-stressed thin Be 
windows may have deformed slightly (lost their tension) 
or vibrated due to either RF heating or the RF impulse. 
The frequency shifts were small and slow, and they were 
well within the bandwidth of the klystron. Conditioning 
was continued with manual adjustment of the drive 
fi"equency. 

Test of Be Windows with TiN-coated Surface 
With External Magnetic Field 

The high power tests were resumed with the TiN-coated 
Be windows with the solenoid magnet on. After weeks of 
conditioning, only 16.5 MV/m gradient was achieved with 
the magnetic field up to 4 T. Higher than this gradient 
would result in more sparking. Fearing possible damage 
to the Be windows (Be is a health hazardous material), we 
stopped the test at this gradient and inspected the window 
surface. Fig. 3 shows a Cu and a Be window side by side 
after the conditioning, for comparison purpose. 
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Figure 3: Cu window (left) and Be window (right) after RF 
conditioning with magnetic field. Deposited Cu particles on the 
Be window can clearly be seen. 

Preliminary surface analysis indicated no surface 
damage to the Be window. Copper particles or beads were 
deposited on the Be window surface. This indicated that 
they must come fi-om cavity body. Further inspection 
found that there was minor surface damage around the iris 
area where the Be windows were bolted on. The 
distribution pattern of the Cu particles (beads) is not well 
understood, and will be further studied by numerical 
simulations and experiments in near future. 

Future Test Plan 
A new pair of Be windows with TiN-coated surface 

have been installed and are ready for tests to the highest 
gradient. Bare Be windows will be tested for muhipacting 
studies. Other window options such as pre-curved 
windows or grids may be designed and tested at Lab G. 

CONCLUSION 
We have tested the cavity with Cu and Be windows with 
and without extemal magnetic fields. 16.5 MV/m was 
achieved with TiN-coated Be windows with a 4 T magnet 
on. We believe the gradient is not limited by the Be 
windows. Preliminary surface analysis indicated no 
damage on the Be windows which fUrther suggests that 
Be windows can withstand high RF gradient in a few-T 
magnetic field, Coating on high field region of the cavity 
body, say TiN, may reduce multipacting and improve the 
cavity performance. 
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Abstract 

We report on superconducting deflecting RF cavity 
designs for a Recirculating Linac Based Facility for 
Ultrafast X-ray Science (LUX) at Lawrence Berkeley 
National Laboratory. The deflecting cavities operate in the 
lowest dipole mode and are required to produce a 
temporal correlation within flat electron bunches, as 
needed for x-ray compression in crystal optics. Deflecting 
voltage of up to 8.5 MV is required at 3.9 GHz. We 
present a 7-cell cavity design in this paper. Seven such 
cavities are required to generate the 8.5 MV deflecting 
voltage. Longitudinal and transverse impedance from 
LOM's (lower order mode) and HOM's (higher order 
mode) are simulated using the MAFIA code. Short-range 
and long-range wakefields excited through these 
impedances are calculated. Beam loading effects of the 
deflecting mode and parasitic modes are estimated. Q 
values of the LOM monopole modes in the cavity need to 
be damped to be below IC'-IO' levels in order to maintain 
the required energy spread. 

INTRODUCTION 
Figure 1 shows a layout of the LUX machine at LBNL. 
The SC deflecting cavities (highlighted with yellow color) 
are required at the last turn of the flat electron bunch at 
energy of ~ 3 GeV. More information on the LUX 
machine can be found in [1], 

IVHi-VIing cavities . 

Phoion pmduclion 
K\pcriniemal section 

hcamlincs 

photocathodc 

Superconducting 
linacs 

Arc sections for each 
recirculation ring 

Figure 1: The layout of the proposed LUX machine 

RF cavities operating in the lowest dipole mode (TMno- 
like) deflect the head and tail of ~ 3 GeV flat electron 
bunches to allow for compression of the x-ray pulse in x- 
ray optics. The center of the electron bunch passes the 
cavities at zero phase of the RF field such that the head 
* Work supported by the US Department of Energy under contract No. 
DE-AC0376SF00098 
* Email: Dli@lbl.gov 

and tail are deflected in opposite directions, and the center 
of the bunch experiences no deflection. This introduces a 
correctable divergence into the electrons within a bunch 
that is much greater than the opening angle of hard x-ray 
radiation (the radiation opening angle is 7 jirad at 1 A), 
and the angular divergence of the electrons (~ 6.4 jirad) in 
the undulators. The required deflecting voltage is 8 MV at 
3.9 GHz for ~ 3GeV beam energy, but we aim at the 
cavity design for 8.5 MV to allow some head room. 
Superconducting cavities are a natural choice in obtaining 
such a high voltage, and the design of a multi-cell 
structure with large transverse shunt impedance has been 
developed. A 7-cell 7i-mode cavity design has been 
selected. This choice represents a compromise between a 
large number of cells to increase transverse shunt 
impedance and reduce the number of cavities required, 
and smaller number of cells to minimize the number of 
cavity modes and potential mode coupling. The cavity 
design is similar to a multi-cell deflecting cavity design 
for the kaon separation project at Fermilab [2]. 

THE DEFLECTING CAVITY 
The deflecting cavity operates at the lowest dipole mode, 
or TMiio-like mode. The field distribution of this mode is 

shown in Figure 2 using a single cylindrical pillbox cavity 
with beam pipe as an example. 

Figure 2: Electric (right) and magnetic (left) field 
distribution of the lowest dipole mode in a cylindrical 
pillbox cavity. This mode is used for deflecting electron 
bimches to generate a temporal correlation for x-ray 
compression. 

For cylindrical cavities, dipole modes are degenerate, 
and two dipole modes have the same field distribution, 
but with different orientations. In order to obtain the 
needed polarization, the cavity geometry needs to be 
perturbed in one plane. Figure 3 shows a concept 
proposed for KEK-B crab cavity which splits the mode 
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degeneracy and orients the required mode by using a non- 
cylindrical geometry [4]. The Fermilab multi-cell 
deflecting cavity used the similar technique [2]. 

Figure 3: KEK-B Crab cavity with asymmetry to obtain 
the polarization of the crabbing mode 

Electron bunches passing through the deflecting cavity 
experience tra;nsverse forces fi-om both electric and 
magnetic fields. The cavity shunt impedance definition 
then has to take this into account. 

Shunt Impedance of the Dipole Mode 
For the TM dipole mode of an ideal closed cylindrical 

pillbox cavity, there is no electric field on-axis. Beam 
passing through such a cavity on-axis would not exchange 
energy with the cavity and experience a transverse force 
from the magnetic fields only. However once beam irises 
are introduced, as it is necessary for a practical cavity, 
TE-like modes are introduced and mixed with TM modes 
in the iris (or between cells) and beam-pipe regions. The 
deflecting mode is no longer a pure TMno mode, but a 
hybrid of TMno and TEm modes, which is the result of 
Maxwell equations in order to satisfy the new boundary 
conditions introduced by the irises and beam- pipes. Even 
the beam traversing the cavity on-axis, it will not just 
experience transverse force from the magnetic fields, but 
also from the transverse electric field. For a cavity with a 
71 phase advance, these two transverse forces add. To 
calculate the shunt impedance of the deflecting mode, we 
define the transverse shunt impedance as follows. 

[A-^ (0U{Kr,f 

where the Panofsky-Wenzel theorem is applied to obtain 
the deflecting voltage using the off-axis longitudinal 
electric fields only. co=27tf with / as the resonant 
frequency; U the stored energy of the mode at the 
resonant fi-equency; Efro) the longitudinal electric field at 
to over which the longitudinal electric field is integrated 
along variable z over the cavity length. Note that the unit 
of this definition for transverse shunt impedance is in Q., 
and it implies that the deflecting kick is independent of 
the beam transverse position within the cavity. 

Design of the Multi-Cell Cavity 
A 3-D MAFIA model, as shown in Figure 4, was 

established to simulate the deflecting cavity and the main 
RF coupler in addition to 2-D simulations reported 
previously [3]. A 7-cell design is chosen for field flatness, 
and to avoid mode overlaps and possible trapped modes 
from large nimiber of cells. 

Figure 4: 3-D MAFIA model for the 7-cell deflecting 
cavity (1/4 of the structure shovra here) 

One-quarter of the cavity was used for the simulations, 
combinations of boundary conditions and the geometry 
symmetry allow us to compute all LOM and HOM modes 
up to the beam-pipe cut-off firequencies. Table 1 and 
Table 2 list the dimensions of cavity and performance 
parameters. 

Table 1: Main dimensions of the deflecting cavity 

Cavity frequency 3.9 GHz 
Phase Advance per cell 180° Degree 
Cavity Equator Curvature 1.027 cm 
Cavity Radius 4.795 cm 
Cell length 3.846 cm 
Iris Radius 1.500 cm 
Beam pipe radius 1.500 cm 
TM mode cut-off frequency 7.634 GHz 
TE mode cut-off frequency 5.865 GHz 

Table 2: Main cavity parameters 

(R/Q) 350 Q. 

Qo 2x10' 
Active length/cavity 26.92 cm 
Deflecting gradient 5 MV/m 
Transverse voltage 1.346 MV 

RF power loss at 2 K 2.6 Watts 
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The 5-MV/m gradient was chosen and determined by 
limiting critical magnetic fields to be ~ 80 mT, which 
corresponds to a 25 MV/m accelerating gradient for the 
TESLA SC cavities. 

BEAM LOADING 
Beam traversing the deflecting cavity interacts with all 

of the cavity modes, and the beam may lose energy, and 
induce a voltage in the cavity. This voltage then acts back 
on the beam, and may cause energy spread or perturb the 
deflection along the bunch. 

Beam Loading in the Deflecting Mode 
The beam induced transverse voltage in the deflecting 
mode may be written as, 

where I, K, Ar and P are beam current, cavity RF wave 
number, displacement from cavity axis and RF coupling 
constant, respectively. For the above calculation, we have 
used AT = 82, Ar = 0.1 mm and P ~ 50 assuming an 
achievable bandwidth of 100 Hz which corresponds to an 
external Q of 3.9xl0'. This bandwidth is determined from 
the requirements for synchronization, microphonics 
detuning (25 Hz peak). With 2.5 MHz band limited phase 
noise spectra of mode-locked laser master oscillator at 
optimum coupling condition, the peak RF power required 
is less than 200 Watts per 7-cell cavity. Beam current of 
10 nA (1 nC charge at 10 kHz repetition rate) was 
assumed for the above calculation. 

Power induced in the deflecting mode is then given by, 

induced = i/4.?' (t)l l!^(*Ar) « 5.3 mW 

This is considered to be quite small in comparison with 
power loss of 2.6 Watts in the cavity. 

Beam Loading from Monopole Modes 
Longitudinal voltages may be induced by beam through 

interaction with monopole LOM and HOM modes. It was 
found that two LOM monopole modes at 2.8581 GHz and 
2.8685 GHz contribute ~ 85 % of the total impedance. At 
steady state the beam induced voltage per cavity can be 
calculated by, 

^'(-) = i:2M(^) = 17MV 

Assuming ^ = 1 nC, 10 kHz repetition rate 

and 2o = 2 X10' for all the modes 

In order to maintain beam energy spread of 10"* at ~ 3 
GeV, these modes need to be dmnped. Their Q values 
have to be below 10''-10^ levels. It is worthy of noting that 
main RF coupler may provide certain damping to all the 
HOM and LOM modes, but has not been evaluated yet. 
Nevertheless a coaxial insert in the beam pipe (proposed 
for KEK-B crab cavity) may be couple to these monopole 
modes only and provide required damping [4], but this 
may add complexity to the cavity. 

HOM Dipole Modes 
Loss factors of HOM dipole modes were calculated by. 

*-! = f(tl*-- 
Again assuming 2x10* of g for all HOM modes, the total 
loss factor is only 14 V/(pC-m), compared to 176 V/pC- 
m) for the deflecting mode. The overall HOM impedance 
is considered not to be excessive. 

CONCLUSION 
A 7-cell SC deflecting cavity design has been presented. 

To provide 8.5 MV deflecting voltage, seven 7-cell 
cavities are required. LOM monopole modes need to be 
damped to minimize beam energy spread. Impedance 
from the HOM dipole modes is not excessive. The main 
RF coupler may provide extra damping to LOM and 
HOM modes and will need to be evaluated in the futtire. 
RF power requirement is estimated to be less than 200 
Watts per 7-cell cavity at optimum coupling (P = 50), a 
solid state RF power amplifier may be used at this power 
level. Synchronization requirements may demand 
increased cavity bandwith, and will be investigated 
further with the development of the project. 
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RF POWER DETECTORAIONITOR UPGRADE FOR THE 500MHZ 
SYSTEMS AT THE ALS* 

K. Baptiste, 
LBNL, Berkeley, CA, 94720 USA 

Abstract 
Several systems rely on the accurate and linear 

detection of 500 MHz signals, (the fundamental frequency 
of both the Booster Ring and Storage Ring) over a 
dynamic range in excess of 25dB. Prior to this upgrade, 
the detector/monitor was diode based and though this type 
of detector could handle the dynamic range requirement it 
could not do so in an accurate and linear manner. In order 
to meet the requirements, (dynamic range greater than or 
equal to 25dB, accurate and linear to ±0.25dB over the 
range, and additional circuitry to interface to the legacy 
control system and interlocks) a new RF Power 
Detector/Monitor has been developed using two AD8361, 
Analog Devices TruRMS Detectors and a fuzzy 
comparator, which extends the overall detector's range to 
twice that of the AD8361. Further information is available 
[vww.analogedevices.com/]. Details of the design 
requirements and the detector/monitor's circuit as well as 
the performance of the detector will be presented. 

INTRODUCTION 
In the Advanced Light Source (ALS) Booster Ring and 

Storage Ring RF Systems there are a total of 16-500 MHz 
signals of which the signal power level must be measured 
accurately. The signal levels in these systems can range 
from tens of watts to 330 kW and via couplers, dividers, 
attenuators, and cable loss these signals have been 
attenuated down to a range of -20 to +10 dBm. Once 
detected, some of the signals are used in a variety of sub- 
systems, which include control loops, personnel and 
equipment interlock control chains and they are sent to the 
computer control system. The old detectors utilized the 
square-law functionality of a diode detector and though 
they had a large enough dynamic range they were not 
accurate or completely linear from device to device. The 
primary objectives in this redesign are to improve the 
linearity and accuracy over a minimum dynamic range of 
25dB, to interface to the legacy analog loops and control 
systems, to improve the local meter display capabilities, 
and to achieve interchangeability amongst the detectors 
with out the need for recalibration. 

DESIGN 
The new design, which came from the AD8361 Data 

Sheet [1], employs a dual channel detector system to 
extend the dynamic detection range for a given accuracy. 
The system is built using two AD8361 (Analog Devices 
TruRMS Detectors). See block diagram in Figure 1. 
*Work supported by the Director, Office of Energy Research, Office of 
Basic Energy Science, Materials Science and Engineering Division, of 
the U.S. Department of Energy under Contract No. DE-AC03- 
76F00098 

Figure 1: Detector Front End Block Diagram 

Dual Channel Detector System 
The incoming signal is split into two channels, one for 

weak signals and the other for strong signals. The weak 
signal channel has a net gain, which boosts the weak 
signals up into the usable and accurate range of the 
AD8361. The circuit utilizes fixed value attenuators to 
adjust the net gain in the weak signal channel in order to 
optimize the channel for variations in the amplifiers gain 
and the detectors sensitivity. This method of optimization 
proved to be time consuming during the configure and test 
phase since several of the detector chips had wide 
variations in gain/sensitivity and accuracy. The strong 
signal channel has no additional gain. 

Cross-Fader & Fuzzy Comparator 
The outputs of the two detectors are connected to the 

input of a cross-fader via a slope-equalization and offset 
adjustment circuit. Since the detection range of the two 
detectors overiap, the cross-fader must transition 
smoothly between the weak and strong signal channels 
over an approximate 3dB range. This transition is 
controlled by a fuzzy comparator, which controls the 
relative gains of the two detected signals thereby 
providing a weighted dynamic combination of the two 
detectors as a function of RF input level. As stated in the 
AD8361 Data Sheet Application section, the cross-fader is 
comprised of two Operational Transconductance 
AmpHfiers, (OTA), and the comparator is comprised two 
transistors. The amplifier final stage applies feedback in 
order to linearize the transfer function of the 
transconductance amplifiers. A transition point adjustment 
is provided at one input of the comparator. 

0-7803-7738-9/03/$17.00 © 2003 IEEE 1252 
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User & Legacy Systems Interface 
~- Additional requirements for the new detector/monitor 

are to fit into existing Eurocard chassis, provide front 
panel controls and indicators, and to interface with the 
existing control system. 

The front panel of the module was redesigned to hold 
an auto ranging digital display, set point set and monitor 
controls, test/operate controls, and RF and detected signal 
monitors. The front panel interface is used for local 
system set-up and monitoring as well as by maintenance 
personnel for periodic interlock system tests. The legacy 
control system interface consists of an analog voltage 
linear in watts, relay contacts for power level interlocks 
(latching or non latching), open collector interlock for fast 
response, remote interlock reset, and various analog 
outputs for feedback loops. 

PERFORMANCE 
The main reasons to upgrade the power detectors was to 

increase their linearity and accuracy. The previous 
detectors were diode based, their linearity was poor 
therefore, and their accuracy was poor as well. Out of the 
12 detectors in service in the ALS Storage Ring RF 
System only one unit exhibited +0.5dB linearity over a 
20dB range though its absolute accuracy was off by 
+2.5dB. See Figure 2, which shows the legacy detectors 
error on a logarithmic scale. 
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Figure 2: Legacy Detector, Error from Linear 
Reference vs. Input Level 

The redesigned detector, which utilizes the AD8631, is 
vastly superior in linearity as compared to the diode 
version. The AD8631 data sheet claims the device has up 
to 30dB dynamic range however it also states that for 
±0.25dB error the range is reduced to 14dB. This 
limitation is the reason for using a dual channel detection 
method in order to extend the range while maintaining 
accuracy. The data sheet also shows a graph of the error 
from a linear reference versus input power for a large 
sample of devices at 900MHz. The black upper and lower 
error bars on Figure 3, which were extrapolated down to 
500MHz from the 900MHz data, determine the expected 
accuracy range. The red bars determine our targeted 
accuracy range. Of the 26 units measured, (for both 

500MHz and 1.5GHz operation) 16 units were within and 
10 fell outside of the ±0.25dB accuracy requirement over 
a dynamic range >25dB. The measurement uncertainty 
was estimated to be 0.1 dB due to temp drift and 
connections. However, one can see in Figure 3 and 4 that 
the low-end accuracy is much worse than the high-end 
accuracy. According to the data sheet for the AD8631, the 
low-end problems are due to signal offsets in the internal 
squaring circuits. 
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Figure 3: Redesigned Detector (500MHz), Error 
from Linear Reference vs. Input Level 

In order to set-up the two channels slope, offset, and 
transition point I developed a Lab View application, which 
controlled an ESG Series Signal Source that produced a 
100 step linear power ramp and read data from a TDS 
744A oscilloscope. See Figure 5 for a partial screen shot 
of the application. This application allows me to select 
only the ramp portion of the measured data array, which is 
then compared to a linear reference to generate the error 
plot. Due to the low resolution of the digital scope and the 
inaccuracy of the linear input power ramp from the signal 
source, the application was used only to initially tune the 
channels visually by observing the computed error for 
each power ramp. After the detector was initially set, I 
measured the accuracy at ten different power levels while 
making fine adjustments to slope and offset of the two 
channels. 
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Figure 4: Redesigned Detector (1.5GHz), Error 
from Linear Reference vs. Input Level 
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Figure 5: Partial Screen-Shot of Lab View Application used to Initially Tune Each Channel. 

Operation at 1.5GHz 
It was decided to utilize the redesigned detectors at 

1.5GHz on ALS's 3rd Harmonic Cavities. The detector 
was modified by changing the matching networks at the 
input to the AD863rs and by replacing the directional 
coupler and power divider with higher frequency devices. 
Results can be found in Figure 4. 

FURTHER IMPROVEMENTS 
• As mentioned earlier, it was very time consuming 

to set the correct net gain value in the weak signal 
channel by changing fixed attenuators. An 
improvement would be to use an electronically 
controlled variable attenuator. 

• In order to minimize differences between detector 
chips one could digitize the outputs of the two 
AD8631S and once characterized, optimization and 
cross fading could be applied via programmable 
logic and software. This would produce more 
consistency between detectors. 

• Installing a digitized temperature sensor would 
allow for software correction of gain and offset 
drift as a function of temperature. 

• Installing an on board reference, which can be 
switched in via logic would allow for on board 
calibration. 

• Installing a programmable gain amplifier used to 
set the analog output's scaling. 

CONCLUSION 
The redesigned detectors, 12 500MHz and 3 1.5GHz 

models of which have been installed in the Storage Ring 
RF and Third Harmonic Cavity Systems have been in 
service since December 2002 and April 2003 respectively. 
Four 500MHz detectors are scheduled for installation 
during an upcoming installation and maintenance period. 
The performance of the installed units has been as 
expected based on the bench tests discussed in this paper. 
The detectors exhibit +0.25dB accuracy, due to their good 
linearity, and their dynamic range meets our operational 
requirements. The operational staff now has at their 
disposal linear and accurate RF power data that they can 
rely on. 

REFERENCES 
r 1 lhttp://wvyw.analog.com/UploadedFiles/Datasheets/541 
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THEORETICAL ANALYSIS OF OVERMODED DIELECTRIC PHOTONIC 
BAND GAP STRUCTURES FOR ACCELERATOR APPLICATIONS 

M.A. Shapiro, E.I. Smimova, C. Chen, and R.J. Temkin 

MIT Plasma Science and Fusion Center, 
Cambridge, MA 02139, USA 

Abstract 
An overmoded accelerator structure is proposed based 

on a dielectric photonic-band-gap (PBG) disk-loaded 
structure. The structure consists of dielectric rods and 
metal disks with irises. It is advantageous for application 
in high frequency (17 GHz and higher) linacs because of 
the large dimensions of the structure. The operating mode 
is a higher-order TM02 mode. One unique feature is that 
the fundamental TMoi mode is not supported by the 
structure. Along with that, the dipole mode TMn is 
strongly suppressed. The dielectric PBG structure can also 
be attractive for application in a dielectric wakefield 
accelerator. 

INTRODUCTION 
In recent years major progress in novel accelerating 

structures using dielectrics has been reported. These 
experiments include the two-beam dielectric accelerator 
[1] and the millimeter-wave accelerator on a dielectric 
substrate [2]. It has been demonstrated that breakdown 
and charging can be avoided in the dielectric accelerating 
structures. We have been focused on the electromagnetic 
properties of dielectric structures for accelerator 
applications. Using low loss dielectrics, high Q-factor 
microwave cavities can be built, and, therefore, high shunt 
impedances can be achieved. The dielectric structures can 
be designed to be mode selective, providing a high Q- 
factor of the operating mode along with low Q-factor, 
high losses for all unwanted modes. These 
electromagnetic properties of the dielectric structures 
make them very attractive for accelerator applications 
because wakefields can be suppressed through the 
selective excitation of the operating mode. 

One possible way to build a mode selective cavity is to 
utilize a photonic band gap (PEG) structure in the cavity. 
An example of a PBG structure is a 2D lattice of dielectric 
or metal rods with a defect (missing one or several rods) 
in the center [3,4]. The metallic PBG cavity was proposed 
as an accelerator cell [5]. We have previously reported on 
the cold test of metallic PBG cavities at X- and Ka-bands 
[6-8]. Dielectric PBG cavities have been cold tested at a 
variety of bands including X-band [9]. The dielectric PBG 
fibers have been proposed for laser accelerators [10]. 

We propose the dielectric PBG cavity for application as 
a cell of an accelerating structure. The PBG cell includes 
the dielectric PBG structure placed between two metal 
disks. A stack of the PBG cells coupled through the beam 
holes forms an accelerating structure. We have designed a 
dielectric PBG cavity operating at 17 GHz (Ka-band) and 

at a higher-order mode TM02. The unique feature of this 
dielectric structure is that the fundamental TMoi mode is 
not confined. This effect could not be observed in a metal 
PBG cavity where the fundamental mode TMQI always 
exists. The higher-order accelerating mode TM02 allows 
us to enlarge the transverse dimensions of the accelerator, 
which is advantageous at high frequency operation. Also, 
the dipole modes are suppressed. 

FREQUENCY SELECTIVE CAVITIES 
UTILIZING DIELECTRIC PBG 

STRUCTURES 

(a) 

(b) 

Figure 1: 2D triangular crystal lattice 
(a) and reciprocal lattice (b). 

0-7803-7738-9/03/$ 17.00 © 2003 IEEE 1255 
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Band Gaps in a 2D Lattice of Dielectric Rods 

Figure 1 (a) depicts a 2D triangular lattice of dielectric 
rods, and Figure 1 (b) depicts the reciprocal lattice in the 
wave-vector k plane. The hexagon in the k-plane is the 
first Brillouin zone of the lattice. The shaded triangle in 
Fig. 1(b) covers the meaningful values of k-vector at 
which waves propagating in the lattice should be 
calculated. The result of this calculation is presented in 
the Brillouin diagram (Fig. 2). The Brillouin diagram 
indicates the fi^equencies of the waves propagating in the 
lattice while the k-vector on the reciprocal lattice (Fig. 
1(b)) varies fi-om T-point to X-point, from X-point to J- 
point, and back to T-point. The Brillouin diagram plots 
the normaHzed frequency co6/c, where b is the spacing 
between the rods, and c is the speed of light. The diagram 
is calculated for the ratio of 0.39 of the rod radius a to the 
spacing b. The rods are made of alumina AI2O3, the 
dielectric constant s=9.7. 

The important characteristic of the lattice is the band 
gap. The band gap is marked in Fig. 2 indicating that there 
is no propagating wave in a certain frequency band. The 
existence and fi-equency bandwidth of the gap depends 
upon the dielectric constant and the ratio a/b. The band 
gaps in the triangular dielectric lattices are calculated in 
[11], and the results are plotted in Fig. 3. Two band gaps 
are contoured in Fig. 3; there is no propagating wave in 
the lattice if the frequency is inside the contours plotted. 

PBG Cavity Design 

A triangular lattice of rods with a defect forms a PBG 
cavity. We remove the central rod and three rows of rods 
around it (37 rods total) to form the defect. The spacing b 
is determined such that the operating frequency of 17 
GHz falls into the band gap (Fig. 3). The ratio of a/b 
should be close to 0.4 because the band gap narrows down 
at this ratio. The cavity mode is a mode confined in the 
defect (defect mode). If the band gap is narrow, the 
number of defect modes can be reduced. 

The HFSS code [12] has been employed to calculate the 
PBG cavity modes. Through optimization of the 
parameters a and b, a well-confined TMo2-like mode at 
the frequency of 17 GHz was found (Fig. 4). Using the 
calculated field distribution, the acceleration parameters 
of the PBG cavity are calculated and listed in Table 1. 
The Q-factor and shunt impedance are calculated for the 
dielectric loss tangent of 2«10"^, which is the average 
measured loss tangent of alumina [13]. The cavity axial 
length of one third of the wavelength is selected. 

Note that for the 17 GHz pillbox copper cavity with the 
fundamental mode TMQIO, the Q-factor is 6000, and the 
parameter r^ IQ is 540 Q/cm. For the TM020 mode of the 
pillbox copper cavity, Q=8500 and r^ IQ =240 D/cm. 
Therefore, the designed dielectric PBG cavity operating at 
the TMo2o-like mode has the Q-factor close to that of the 
TMoio-mode pillbox cavity and the r^ IQ close to that of 

the TMo2o-niode. The Q-factor of the dielectric cavity 
combines the dielectric side-wall Q-factor calculated 
using HFSS and the end plates Q-factor calculated 
analytically assuming it is the TM020 mode; both Q-factors 
are about 12000. 

Figure 2: Brillouin diagram for the dielectric 
triangular lattice of rods. The normalized 
frequency vs. k-vector is plotted. The k-vector 
varies around the contour in the reciprocal 
lattice (Fig. 1(b)). The band gap is marked. The 
lattice parameters: 8=9.7 (alumina), <3r/6=0.39. 

Table 1: Acceleration parameters of a dielectric PBG 
cavity with the TM02 mode 

Permittivity, e 9.7 (AI2O3) 

Loss tangent, tan 5 2-10"' 

Lattice spacing b 0.44 cm 

Rod radius a 0.17 cm 

Ratio a/b 0.39 

Minimal radius of defect 1.35 cm 

Outer radius 3.5 cm 

Number of rods 132 

Number of missing rods in defect 37 

Axial length 0.58 cm 

Mode TM02 

Frequency 17.14 GHz 

Ohmic 2-factor 5900 

Shunt impedance r^ 1.2Mn/cm 

Parameter rj/g 
   212n/cm 

It is shown that the fiindamental TMoi as well as dipole 
TMii modes are not confined in the PBG cavity. This is 
consistent with the band gap map (Fig. 3): the frequencies 
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of these modes are not in the band gap. A transverse 
wakefield mostly formed by the dipole mode is thus 
suppressed. As shown in Fig. 3, the modes TM21, TM31, 
and TM12 fall into the gap. Only a quadruple TM21 mode 
is well confined in the defect, however this mode is less 
dangerous than dipole modes. 

• TMj^-like 

0 TMj^-iike 

s TM32-like 
• TM,3-like 

0      0.1      0.2       0.3      0.4      0.5 

alb 

Figure 3: Areas of global band gaps are 
contoured on the plane of parameters: the 
normalized frequency and the ratio of the rod 
radius a to the spacing b. The simulations carried 
out for a triangular lattice, s=9.7. For the design 
parameter a/&=0.39, the frequencies of the defect 
modes in the PBG cavity are shown. 

Figure 4: Field pattern of the TMo2-like mode in a 
dielectric PBG cavity formed by a 2D triangular lattice of 
dielectric rods with a defect. 

CONSCLUSION 
Dielectric PBG structures may allow extension of RF 

accelerator operation to higher frequencies using higher 
order modes, without facing the problem of wakefields. 
Use of dielectric PBG structures may allow construction 
of a PBG cavity, which selectively confines the TMo2-like 
mode. The design of the accelerator cell has been 
presented at the operating frequency of 17 GHz. 
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AN 11 GHZ PHOTONIC BAND GAP ACCELERATOR STRUCTURE WITH 
WAKEFIELD SUPPRESSION 

E.I. Smimova*, C. Chen, M.A. Shapiro, R.J. Temkin, 
Plasma Science and Fusion Center, MIT, Cambridge, MA 02139, USA 

Abstract 
We report the design and cold test results for an 11 

GHz photonic band gap (PBG) cell, which can be utilized 
as an accelerator cavity with reduced long-range 
wakefields. The eigenmodes of the two-dimensional (2D) 
PBG cavities formed by the defect in a triangular array of 
metal rods were studied numerically. A 2D PBG cavity 
with reduced HOM content was designed and built. Cold 
test results proved the suppression of the higher order 
modes (HOM) in the PBG cavity. A 6-cell 17.137 GHz 
PBG accelerator structure is proposed and designed. 

1 INTRODUCTION 
Metallic photonic band gap (PBG) structures have 

received considerable attention recently, because of their 
possible applications in rf accelerators and high-power 
microwave electronics [1-3]. A remarkable property of the 
PBG structure is its ability to reflect waves in certain 
ranges of frequencies (called global band gaps) while 
allowing other frequencies to pass through. A defect in 
periodic structure forms "PBG cavity" in which a mode 
with the frequency inside the global band gap can be 
confined imder certain conditions. The PBG cavity is 
advantageous over the conventional pillbox cavity 
because of its high mode selectivity: only the modes with 
frequencies within the band gap can be confined. 

We investigate the PBG structures based on triangular 
lattice of metal rods. A cavity is formed with a missing 
rod and can confine eigenmodes (see Fig. 1). Two 
important aspects need to be studied in order to facilitate 
the design of PBG-based cavities. One involves the global 
band gaps calculation, and the other concerns mode 

Fig. I: A PBG resonator built for the cold test. The 
cavity is formed by a missing rod in a triangular 

array of copper rods with a/b = 0.15. 
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Fig. 2: TM eigenfrequencies of a PBG cavity formed by 
single rod missing in triangular array of metal rods 

(solid lines show the boundaries of global band gaps). 

confinement in PBG cavity. Global band gaps for two- 
dimensional (2D) triangular lattice of metal rods have 
been recently calculated by these authors and reported in 
[3]. For analysis of PBG resonators, we apply tfie HFSS 
code [4]. 

The PBG cavity supporting a single TMoi-like mode is 
a good candidate for an accelerator cell. A disk-loaded 
271/3 accelerator structure can be built with a stack of PBG 
cavities set between the disks with the beam holes 
inserted on axis. A complete design of a 6-cell PBG 
accelerator structure was performed using the HFSS code 
[4]. We plan to construct and test a 6-cell PBG accelerator 
structure. 

2 MODES OF A PBG RESONATOR 
We studied a 2D PBG resonator formed by a single rod 

missing in a triangular lattice of metal rods. We kept only 
three rows of rods and surrounded them by a metal wall. 
The results of our HFSS computation for the frequencies 
of eigenmodes are presented in Fig. 2. In Fig. 2 the global 
band gap boundaries derived in [3] are plotted with solid 
lines as functions of the ratio of rods radii (a) to the rods 
spacing (i). The region of frequencies to the right of solid 
curve corresponds to the global band gap, whereas the 
frequencies to the left of the curve lie in the pass band. 
The frequencies of the defect modes are plotted over the 
band gap picture with dots. Dashed lines in Fig. 2 show 
the eigenfrequencies of the pillbox cavity with the radius 
R=b-a, which is about the effective radius of the PBG 
cavity. 

It can be seen from Fig. 2 that for a/b = 0.15 only a 
single TMoi mode is confined below the cutoff. The field 

0-7803-7738-9/03/$17.00 © 2003 IEEE 1258 



Proceedings of the 2003 Particle Accelerator Conference 

patterns of two lowest modes in a PBG resonator with a/h 
= 0.15 are shown in Fig. 3. The TM,, mode is confined 
by the metal wall placed at the periphery of the PBG 
structure and can be suppressed if we eliminate the wall 
or put an absorber at the periphery. Thus we can construct 
a resonator with reduced HOM content on the basis of a 
PBG structure. 

Power in Power out 

TM^.|, not confined 

Fig. 3: Modes of a PBG resonator with a/b=0.15. 
TMoi mode is confined, TMn mode is not confined. 

Table 1. Dimensions of the PBG resonator for cold test. 

Rod radius a 0.16 cm 
Lattice spacing b 1.06 cm 

a/b 0.15 
Freq.(TM„,) 11.00 GHz 

Propagation 
0.08 ■ band(no 

modes         j^ 

t^    0.06 Band gap confined)    rii 

If) A i 
0.04 . \i   '■ 

: "fMoi mode V 
0.02 ■     1 ' 
0.00 .^.^ uJ, ^ 

10   11    12   13    14   15    16   17 
freq., GHz 

Fig. 4: The transmission curve for a PBG resonator. 

3 COLD TEST OF PBG RESONATORS 
In order to verify experimentally the suppression of 

higher order modes in PBG resonators, we constructed a 
resonator for cold testing. The resonator was made out of 
brass (see Fig. 1). The dimensions of the resonator are 
shovm in Table 1. 

A WR62 waveguide was employed to feed the rf power 
to the resonator. We measured the S12 element of the 
scattering matrix using the HP8510 vector network 
analyzer (Fig. 4). We placed the eccosorb at the periphery 
of the cavity, so that the Q-factors of the modes not 
confined by the PBG structure were reduced by the factor 
of 10. The Q-factor of the TMoi mode at 11 GHz was not 
reduced. These results agree with the design. We also 
measured the Sn elements of the scattering matrices and 
derived fi-om those that the ohmic Q-factor for the TMoi 
mode was about 2000. This was much lower than a 

Beam 

Fig. 5: A 6-cell 271/3 PBG accelerator structure 

theoretically predicted Q of 5300. To resolve this problem 
we manufactured a second PBG resonator with the same 
dimensions out of the OFHC copper. Then we brazed the 
rods into the end plates. This increased the Q-factor up to 
4000, which is much closer to the theoretically predicted 
Q. 

4 A 6-CELL PBG ACCELERATOR 
DESIGN 

We have designed and are now building a disk-loaded 
271/3 accelerator structure at 17.137 GHz with a stack of 
PBG cavities set between the disks with the beam holes 
inserted on axis (see Fig. 5). A complete design of a 6-cell 
PBG accelerator structure was performed using the HFSS 
[4]. 

Table 2. Dimensions of the 2ji/3 PBG accelerator 
structure. 

Rod radius (structure cell) a 1.04 mm 
Rod radius (coupler cell) ai 1.05 mm 

Lattice spacing b 6.97 mm 
a/b 0.155 

Cavity radius 24.38 mm 
Cavity length 5.83 mm 

Iris radius 1.94 mm 
Iris thickness 0.96 mm 
Freq. (TMo,) 17.137 GHz 

First, the PBG cell dimensions were calculated and the 
cells were tuned to 17.137 GHz. Second, the coupler cell 
was tuned following [5,6]. The dimensions of the 
structure are listed in Table 2. The coupler cell will have 
three rods withdrawn and the rods in the coupler cell are 
0.01 mm thinner than in traveling wave cells. The 
dependence of the reflection fi-om the PBG coupler on the 
coupler's dimensions is shown in Fig. 6. It can be seen 
from the picture that the reflection is as big as 0.6 to 0.8 if 
either a rod radius or distance between the rods differs by 
0.025 mm from those given in Table 2. This means, that 
timing will be needed in order to achieve small reflection 
from the coupler. Two methods of tuning are considered: 
putting clips on the rods of the second row and bending 
the rods. 
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Fig. 6: The reflection from the PBG coupler as a 
function of deviation of the rods radii (a) and spacing 

(fc) from those given in Table 2. 

The accelerator characteristics of the PBG structure 
were calculated and compared to those of a pillbox 
structure (see Table 3.). It was discovered that the shunt 
impedance for a PBG cell is lower than for a pillbox cell. 
However, the group velocity for a PBG structure is 10% 
lower than the group velocity for a pillbox structure with 
the same irises (see Fig. 7). Thus the PBG structure has an 
average gradient close to that of a pillbox structure. 

Table 3. Comparison of acceleration parameters of 2ix/3 
PBG and pillbox structures. 

Pillbox                   PBG 
Frequency 17.137 GHz 

Sw 4188 5618 
rs 0.46 MQ/cm 0.71 MQ/cm 

IrM 0.11k£2/cm 0.126 kO/cm 
Group velocity 0.011c 0.012c 

Gradient 18.9VP[MW] 
MV/m 

19.4VP[MW] 
MV/m 

5 THE PLAN OF PBG ACCELERATOR 
TEST 

An experiment to test the PBG accelerator is planned 
at Massachusetts Institute of Technology (MIT). The MIT 
Plasma Science and Fusion Center currently has a 17.137 
GHz  accelerator,  which  was  built  by  the  Haimson 

C3 

17.2 
PBG        ^—: 

17.1 /        V""'^'^ 

17.0 

16.9 
i^--^"^^ ^"""--.pillbox 

Ifi.R 
60 120 

phase shift per cell 
180 

Research Corporation (HRC). We plan to fabricate a 6- 
cell PBG accelerator section to accelerate a 7 MeV 
accelerator beam to 8 MeV. The PBG accelerator will be 
powered with 3 MW coming from the HRC klystron [7]. 
This will allow us to achieve the acceleration gradient of 
32 MV/m. 

Finally, the wakefields in PBG structure will be 
measured in cold-test. 

6 CONCLUSION 
An extensive research on PBG structures for 

accelerator applications is underway at MIT. The main 
advantage of PBG cavities over the conventional pillbox 
cavities lies in their high mode selectivity. Thus, if 
applied to the linear accelerators the PBG cavities will 
sufficiently reduce the long-range wakefields. 

We have already studied the bulk properties of the 
PBG structures [3] and investigated the properties of PBG 
resonators. We will continue our research towards the 
constructing and testing a 6-cell 2Tt/3 PBG accelerating 
structure. 

Additionally, we conduct the investigation of 
dielectric PBG structures [8]. Use of dielectric PBG 
structures may allow construction of a PBG resonator, 
which selectively confines the TMo2-like mode. This may 
allow extension of accelerator operation to higher 
frequencies using HOM without facing the problem of 
lower order wakefields. 
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Abstract 
The wire method is a more rapid and less costly method 

to measure impedances of RF components compared to 
methods using a beam. A setup using a single displaced 
wire to excite and measure transverse resonant modes in 
accelerating structures for the Next Linear Collider/ 
Japanese Linear Collider (NLC/JLC) has been built. The 
RF signal is coupled into and out of the structure using 
two matching sections with a broadband frequency from 
11 to 18 GHz. Their contribution to the scattering 
parameter is minimized by a calibration technique. A 
standing wave structure has been measured. Difficulties in 
accurately predicting the modal loss factors were 
encountered related to the approximations made and to 
experimental issues. The measurements are presented and 
comparisons with simulations are made. 

INTRODUCTION 
Wake fields in accelerating structures are the main cause 
of transverse beam emittance growth in high energy 
accelerators. By appropriate design of the accelerating 
structures and absorption of electromagnetic energy, they 
must be brought below a limit where the effect on the 
beam is acceptable. Therefore their imderstanding is 
essential. Although modem computer codes have proved 
to give reliable results, measurements are important as 
well. 

Direct measurements of wake potentials imply studying 
their interaction with a beam. Measurements in the time 
domain have been made for example at the ASSET setup 
at SLAC on X-band accelerating structures [1], while at 
TTF at DESY individual dipole modes have been studied 
[2]. The results of these types of measurements are in 
good agreement with theoretical predictions [3]. 
Nevertheless they require long preparation times and 
costly beam time. Bench-top measurements are made by 
perturbing the field with a small bead [4] or by 
propagating RF through a coaxial line made of the 
structure and one or two thin wires [5]. 

In this paper we present first frequency-domain 
measurements using the wire method on a 11.4 GHz 
standing-wave structure in study for the NLC/JLC [6]. 
Results are discussed and comparisons with simulations 
are made. 

METHOD 
Since their proposal in the 1970s, time domain [7] and 

frequency domain [8] wire measurements have been made 

for various microwave components. In time domain the 
method requires current pulses of a length shorter or 
comparable to the length of the bunches used in that 
structure. Therefore we chose to study individual modes 
in frequency domain. The wire method theory is rather 
well established for resistive wall wakefields and modes 
below cut-off. Several approximations exist for lumped 
and distributed impedances [9]. Attention must be paid 
particularly when these conditions are not met. 

Setup 
The measurement setup is shovra in Fig. 1. The signal 

from a network analyzer is matched to the ports of the 
structure through two specially designed sections 
containing adapters from rectangular waveguides (WR62) 
to coax. These have a broad band from about 11 to 
18 GHz. The wire is inserted through the adapter and can 
be displaced by slightly bending the thin coax tubes. We 
chose this solution in order to minimize discontinuities in 
the structure. 

matching 
sections 

DUT 

micrometer 
movers 

• Supported by the DOE, grant number DE-AC03-76SF00S15 
• On leave from NILPRP, P.O. Box MG-36,76900 Bucharest, Romania 

Fig. 1 Wire measurement setup 

The wire is made of brass and has a diameter of 
300 nm. Compared to previous measurements in single 
cell cavities, the wire diameter has been increased in order 
to provide a better contact. This has improved the stability 
and reproducibility of the transmission curves. For the 
same reason, the flanges of the matching sections have 
been modified to eliminate the gaskets. The reflection of 
the matching sections is better than -30 dB. 

0-7803-7738-9/03/$17.00 © 2003 IEEE 1261 
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TRL calibration 
In order to obtain measurements that are hardly affected 

by the imperfections of the matching sections, we 
calibrated the measurements at the ports of the matching 
sections connecting to the device under test (DUT). For 
this we used a TRL (through-reflect-line) technique in 
which only a few parameters of the calibration standards 
need to be precisely known [10]. A delay line and an RF 
short were required to be buih especially for this setup. 
The third standard is a through measurement. With this 
method one does not need to know precisely the reflection 
of the short, or the length of the delay line. 

An alternative was to calibrate the network analyzer 
directly by modifying a calibration kit for a coaxial line to 
fit the parameters of our setup. Fig. 2 shows the 
agreement of the calibration results obtained with these 
two methods. The DUT is here a single cell structure. 

Frequency {GHz] 

Fig. 2 TRL calibration of measurements on a single- cell 
structure. 

Standing-wave structure 
A standing wave structure was measured in this setup 

(see Fig. 1). It consists of 15 cells which, prior to tuning, 
are identical. The structure is fed through the middle cell 
by a symmetrical coupler. 

The main contribution to the transverse wake field is 
given by the first 3 dipole passbands [11]. The setup 
allows us to measure the first two bands plus the 
fundamental monopole band. 

RESULTS 
The two ends of the wire were approximately centered. 

Then the wire was displaced using two transverse 
micrometers with respect to this position. Moving the 
wire rather than measuring at a fixed position allows us to 
reduce statistical errors. Moreover, one can fit data and 
ascertain the loss factor in the limit of centered wire [12]. 
At the same time the alignment of the wire can be based 
on the dipole signal. 

Measurements with various wire offsets 
Fig. 3 shows the transmission parameter S21 measured 

on the standing-wave structure for various transverse 
positions of the wire. One can distinguish the fundamental 

monopole passband between about 11.8 and 12.5 GHz. It 
remains essentially unchanged with changing wire offset. 

All modes at higher frequencies are from the first and 
second dipole passbands in interaction with the TEM 
coaxial mode. The amplitude of the peaks changes with 
the wire position. One can see that they are smallest for a 
wire offset around 0.5 mm. The fi-equency of the modes 
also shifts as the displacement of the wire changes. In the 
limit of zero wire offset, the frequency goes to the 
frequency of the unperturbed dipole. 

wire_ofTset = 0 mm 

Fig. 3 821 for various transverse positions of the wire. 

Comparison to simulations 
The properties of the standing wave structure have been 

simulated with the HFSS code (High Frequency Structure 
Simulator). The S-parameters of a single cell and of the 
end cell plus the beam pipe were obtained. A wire with 
300 mm in diameter was placed 1 mm off-center. Using a 
cascading technique, the result for a 15-cell structure was 
obtained [13]. 

Fig. 4 compares the simulation with the measurement 
made for a relative wire displacement of 0 mm which 
seems to match it best. The agreement for the monopole 
band is good apart from a fi-equency shift. This is due to 
neglecting the input coupler in the simulations. Also the 
actual structure was tuned to obtain a flat accelerating 
field. 

The dipole bands are more difficult to compare. They 
depend strongly on the alignment of the wire and clearly 
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the two curves are not made at the same wire offset. Also 
it is likely that the wire was tilted with respect to the 
structure axis and therefore some modes have higher 
amplitude in the simulation and others in the 
measurement. The alignment of the structure cells may 
also play a role. 

12 13 14 15 16 17 18 
Frequency [GHz] 

""^■"^   .   measurement 
■"""—    .   simulation 1mm wire offset 

Fig. 4 Comparison of measurement with the wire placed 
at relative position of 0 mm with simulation for a wire 
offset of 1 mm. 

The coupling impedance and the loss factors of the 
structure are related to the S-parameters. The correlation 
is nevertheless not straightforward for accelerating 
structures. The theory is rather well established for 
lumped impedances, and for distributed impedances, 
below cut-off. Further studies are in progress in Ihis sense. 

SUMMARY 
Initial wire measurements of a NLC/JLC accelerating 

structure have been undertaken. Special matching sections 
have been designed and built in order to allow for a 
relatively easy mounting and displacement of a thin brass 
wire. A TRL calibration technique gives good results 
when applied directly on the network analyzer, as well as 
post-measurement. By moving the wire, excitation of 
dipole modes was observed. The simulations show good 
agreement with the measured monopole band, and give a 
qualitative comparison for the dipole. Nevertheless better 
wire tilt alignment is needed. Further investigations on 
inferring the coupling impedance of the dipole bands is 
under way. 
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INTRODUCTION 

Accelerating gradient is one of the maj or parameters of a 
linear accelerator. It determines the length of the accelera- 
tor and its power consumption. The SLAC two-mile linear 
accelerator uses 3 meter long S-band traveling wave (TW) 
accelerating structures. The average accelerating gradient 
in the linac is about 20 MV/m. This gradient corresponds 
to a maximum surface electric field of about 40 MV/m. An 
operational gradient of 40 MV/m was reported for a 1.5 m 
constant impedance TW structure for the SLC positron in- 
jector. This corresponds to a maximum surface field of 
80 MV/m [1]. A typical operational gradient for standing 
wave (SW) structures of a medical linear accelerator is 30 
MV/m, with surface electric fields of 130 MV/m [2] at a 
pulse width of several microseconds (longer than the work- 
ing pulse width for SLAC TW structures). SW structures 
for S-band rf guns routinely operate at maximum surface 
fields of 130 MV/m (~2 /is pulse width) [3]. We empha- 
size an operational gradient with a very low fault rate in 
comparison to much higher gradients obtained in dedicated 
high gradient test structures. The operational surface fields 
in the above mentioned SW structures are obviously higher 
than in TW, S-band structures. 

For the Next Linear collider (NLC) and Japanese Lin- 
ear Collider (JLC), 1.8 meter long X-Band (11.4 GHz) TW 
structures were originally considered. Operational tests 
of these structures showed irreversible damage at an input 
power levels of ~70 MW and an average gradient of about 
45 MV/m (250 ns) [4]. As a consequence, an extensive ex- 
perimental and theoretical program is underway at SLAC, 
FNAL and KEK to develop structures that reliably meet 
the NLC/JLC requirement of 50 MV/m loaded (65 MV/m 
unloaded) gradient operation [5]. This program includes 
testing of both TW and SW accelerating structures. 

Four pairs of SW structures were built in a SLAC collab- 
oration with KEK and LLNL. Three pairs have been tested 
to date and one is scheduled to be tested in May - June 
2003. Design considerations, results of high power tests 
and future plans are discussed in this paper. 

DESIGN 
There are three main design requirements for a hnear 

collider accelerator structure: the abihty to sustain the 
working gradient, acceptable short-range wakefields, and 
suppressed long-range wakefields. 

Other requirements for the NLC/JLC accelerating struc- 
tures include: operation at 120 Hz with a 270 ns flat top 
pulse (after the structure is filled with rf energy); no degra- 
dation of performance during decades of operation; and 
less than one breakdown per 10^ pulses per meter of struc- 
ture [6, 7]. Single bunch wakefield effects limit the min- 

Bowden, R.M. Jones, J. Lewandowski, Z. Li, 
D. Ruth, S.G. Tantawi, J.W. Wang, R Wilson, 
CA 94309, USA 

imum average iris radius (a) of the structures to 4.7 mm, 
which is 18% of the X-band wavelength (A= 2.62 cm). 

The TW and SW structures under consideration are of 
the disk loaded waveguide type, are nearly constant gradi- 
ent, with varying cell dimensions to produce dipole mode 
detuning. The structures will also include dipole mode 
damping. 

Motivation 
It is desirable for the structures to be able to operate at 

unloaded gradients as high as 100 MV/m, to accommodate 
an NLC/JLC energy upgrade above 1 TeV using the same 
tunnel. SW structures may prove better than TW structures 
in this regard. They will likely have a lower breakdown 
rate and less breakdown damage due to their reduced max- 
imum surface electric fields and lower rf power absorbed 
per breakdown than TW structures at the same loaded gra- 
dient. 

Maximum surface fields are lower in a SW structure due 
to the fact that the loaded gradient is equal to the unloaded 
gradient. However, a TW structure could be designed to 
reduce this difference. 

The power absorbed during a breakdown is less in SW 
structures compared to TW structures for two reasons. It 
depends, first, on the lower total power fed into the struc- 
ture and second, on the fact that the response of a SW struc- 
ture to breakdown currents is different from the response of 
a TW structure. 

The structure input power is determined, roughly by gra- 
dient and structure length. Reducing of the TW structure 
length while keeping the average iris radius 0.18A reduces 
the structure efficiency. The efficiency of a SW structure 
does not depend on its length for the same average iris size. 
But this length reduction has an obvious drawback — the 
structure will have more couplers per meter of accelerator. 

As for rf energy absorbed in the breakdown, the behavior 
of SW structures is very different from TW structures [8]. 
In TW structures during most breakdowns, a large fraction 
of the incident energy (up to 90%) is absorbed by the break- 
down. In SW structures during most breakdowns, most of 
the rf power is reflected from the structure. 

Design considerations 
One possible scheme for a SW-based NLC/JLC linac 

would contain 60-80 cm long superstructures made of 3 
or 4 short (20cm, 15 cell) standing wave structures. The 
structures in the superstructure would be separated by a 6 
mm thick cutoff iris with a radius of 4.75 mm. This super- 
structure has 3 couplers per 60 cm of structure compared 
to the present NLC TW structure design that has 2 couplers 
per 60 cm [9]. The structure cells are azimuthially sym- 
metric, without the Higher Order Mode (HOM) damping 

0-7803-7738-9/03/$17.00 © 2003 IEEE 1264 



Proceedings of the 2003 Particle Accelerator Conference 

Structure name SW20a375 SW20PI SW20a565 
Iris radius, a                                  [mm] 3.75 4.75 5.65 
Cell diameter, 26                            [mm] 21.11 21.64 23.04 
Iris thickness, t                              [mm] 2.6 2.3 4.6 
Iris ellipticity 1.69 1 1.48 
Filling time                                     [ns] 120 123 118 
Shunt impedance                          [Mft/m] 81.9 68.3 51.1 
Q value ~8600 ~8700 ~8400 
Epeak /Eacc 2.05 2.65 2.12 
RF power for Eacc = 50 MV/m      [MW] 6.0 7.2 10 

Table 1: Parameters of 3 types of 20 cm long 7r-mode SW structures built for high power tests. 

Figure 1: Cutaway view of a 15-cell 7r-mode SW structure 
with an iris radius 4.75 mm. 

slots and manifolds that are in the TW structure. Long- 
range wakefield suppression is achieved by detuning the 
dipole modes within the superstructure and damping them 
using azimuthially symmetric cells with fundamental mode 
chokes and internal loads. To sufficiently damp the dipole 
wakefields, the structure would have one damped cell per 4 
regular cells. 

Test structures 
To test high power performance, 4 pairs of 3 types of 

SW structures were built. In the test setup, a pair of SW 
structures is connected to the rf source using a planar 3dB 
hybrid. With such a connection the rf power reflected from 
the structures is directed to a high power load (during fill- 
ing and decay time). Each 20 cm long structure has 14 
cells plus a coupler cell. The coupler has two symmetrical 
waveguide inputs and is located in the middle of the struc- 
ture. With such positioning of the coupler, the coupling 
from the rf source to the next-to-7r resonance is suppressed. 
The iris radii of the three SW types are 3.65 mm, 4.75 mm 
and 5.65 mm. They cover the range required to detune a 
SW superstructure. The design parameters of these struc- 
tures are shown in Table 1. Two of the structure types have 
elliptical iris tips to reduce the ratio of accelerating gradi- 
ent Eacc to peak surface electric fields Epeak- The cutaway 
view of our first SW structure with a=4.75 mm is shown 
on Fig. 1. The three pairs of structures tested to date have 
sharp (~ 80 fim radius) waveguide-to-coupler cell edges. 
The newest pair of structures (a = 3.65 mm), which will 
be tested soon, have rounded (3 mm radius) waveguide-to- 
coupler iris edges to reduce the peak rf magnetic field for 

reasons discussed below. 

HIGH POWER TEST 
All SW structure testing has taken place at the Next 

Linear Collider Test Accelerator (NLCTA). The first pair 
tested have 4.75 mm iris radii and were designed with crit- 
ical coupling (coupling 0 = 1). The structures were ag- 
gressively processed and then run at the loaded NLC/JLC 
gradient (at that time 55 MV/m) with a 400 ns pulse 
widths (150 ns structure filling plus 250 ns flat top) at 
the NLCTA pulse repetition rate of 60 Hz. Under these 
these conditions, the breakdown rate of the pair was 2-5 
per hour. Video images of breakdown events viewed along 
the beam line axis indicated that most breakdowns were oc- 
curring in the coupler. An average of these images shows 
a distinct enhancement at the azimuthal positions of the 
waveguide-to-coupler cell edges. After the run, cold-test 
measurements revealed a % resonance frequency increase 
of ~ 0.3 MHz. Bead-pull measurements showed that most 
of the frequency change was in the couplers. 

The second pair of structures tested was of the same type 
as the first but designed to have fi = 2. The experience 
gained with the first pair prompted us to reduce the field 
(both magnetic and electric) in the coupler cell (relative to 
the field in the rest of the cells) by 15%. This was done by 
tuning the coupler cell frequency down a few MHz. This 
tuning reduced the extemal coupling of the structure, so 
that it ended up at y3 = 1. The pair was conditioned with 
~2000 breakdowns in three days up 55 MV/m, 400 ns, 

where it ran with less then breakdown per hour for ~150 
hours. The gradient was verified by a measurement of ac- 
celeration using the NLCTA electron beam. No detectable 
damage was found in the structure in after-test measure- 
ments. 

The third pair of structures tested have the largest radii 
(5.65 mm) and hence the lowest shunt impedance of the 
three types. The structures have elliptical iris tips, an im- 
proved Epeak I Eacc ratio and a /? = 2 coupling. Due to 
an error in coupler cell dimensions, it was not possible to 
reduce field in the coupler. The structure was processed to 
55 MV/m, 400 ns, where the breakdown rate was 6-10 per 
hour. Video images again indicated that most breakdowns 
were in the coupler and, similar to first pair, the azimuthal 
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position of light from the breakdowns correlated with the 
position of the waveguide-to-coupler-cell edges. A shift in 
the TT resonance of < 0.2 MHz was measured after 4300 
breakdowns. 

High magnetic fields 

During the time of the SW structures tests, several TW 
structures that were processed also showed an enhance- 
ment in the coupler breakdown rate relative to that in the 
other cells. Measurements of breakdown induced acoustic 
emission near one of the TW input couplers also suggested 
that the breakdowns were occurring near the waveguide- 
to-coupler edges [10]. An autopsy of the TW structure 
showed that the inner edges (cell side) of the waveguide-to- 
coupler-cell edges were eroded [11]. Calculations showed 
that the surface currents peaked at the inner edge of the iris 
and reached ~0.7 MA/m [12]. A simple ID linear model 
of rf heating predicts a pulse temperature rise of ~130° C. 
It is unlikely that a temperature rise of of this size can, by 
itself, produce breakdowns. Some other phenomena must 
be present to explain the acoustic and video data, and also 
the large number of breakdown craters observed near the 
waveguide edges and the on the tips the coupler iris. 

When it became apparent that the breakdowns in the 
couplers were preventing a further increase of the gradi- 
ent in the third pair of SW structures, we continued an 
experimental study of the phenomena itself. These ex- 
periments showed the following properties of the coupler 
breakdowns: 

1. The breakdown rate is determined by the input rf 
power and pulse width. It is roughly constant over 
hours and slowly increases on a longer time scale. 

2. The number of pulses without breakdown is roughly 
independent of the pulse repetition rate. 

3. The breakdown rate has a clear correlation with the 
pulse temperature rise as calculated using a simple 
model of rf pulse heating. The breakdown rate grows 
almost exponentially with the temperature as seen in 
Fig. 2. On a linear scale, it appears like the break- 
down rate has a threshold. The threshold temperature 
varies from 60 to 150° C for the different accelerating 
structures. 

Discussion 

Mechanical damage due to pulse heating is discussed in 
[13, 14] and may be related to the observed breakdown 
characteristics. The model described in [15] suggests that 
the mechanical fatigue accumulates with each pulse and 
(after certain number of pulses) macroscopic change oc- 
curs (similar to creation of a dislocation). This model is 
supported by the experimental data on coupler breakdowns 
in SW and TW structures with an additional assumption 
that this macroscopic change triggers the rf breakdown. 
The mechanism of the surface heating also needs verifi- 
cation, since other effects, like single surface multipactor 
discharge in strong rf magnetic fields could also increase 
surface the temperature. Also, more recent TW stmcture 
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Figure 2: Measured breakdown rates for the SW20a565 
structure vi. calculated pulse temperature rise on the 
waveguide-to-coupler iris edges for different shapes of the 
input rf pulse. 

tests showed that some couplers did not breakdown even 
when the predicted pulse temperature rise was well above 
100° C. The absence of breakdown in such cases might be 
explained by relatively small ( ~ 1 MV/m) electric field on 
the iris edge of the coupler without breakdowns in compar- 
ison with fields (~10 MV/m) in couplers with breakdowns 
[12]. 

SUMIMARY 
Three pairs of SW structures have been tested to date. 

The performance of two of them was limited to gradi- 
ents lower than 55 MV/m by breakdowns in the couplers. 
These breakdowns may be related to the high rf magnetic 
and moderate rf electric fields on the sharp edges at the 
waveguide-to-coupler cell opening. Couplers for a new set 
of structures have been designed to reduce the pulse tem- 
perature rise to below 20° C. These structures will be high 
power tested in May-June 2003. 

Despite the potential for coupler breakdowns, one of SW 
structure pairs tested (a = 4.57 mm) did meet NLC/JLC 
gradient and breakdown rate requirements and had no mea- 
surable damage. 
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fflGH MAGNETIC FIELDS IN COUPLERS OF X-BAND ACCELERATING 
STRUCTURES* 

V.A. Dolgashev, 
SLAC, Stanford, CA 94309, USA 

INTRODUCTION COUPLER SIMULATIONS 
Increasing the accelerating gradient is an important issue 

for linear accelerators. Among phenomena that limit the 
gradient is rf breakdown in accelerating structures. Break- 
downs have been frequently observed in coupler cells of 
accelerating structures and have been attributed to the elec- 
trical field enhancement noted in simulations. Several solu- 
tions have been proposed to reduce this enhancement [1,2]. 
For example, increasing the group velocity in the coupler 
and adjacent cells, and shaping of the coupler cell to re- 
duce maximum surface electric fields below the fields in 
the structure. Little attention was paid to enhancement of 
the magnetic field in the couplers although the possibility 
of damage due to pulse heating was mentioned in [3]. 

The limit imposed by rf pulse heating and thermal fa- 
tigue was discussed in [4, 5], but the connection between 
the high rf magnetic field and coupler breakdowns was re- 
alized only recenfly in high gradient experiments with trav- 
eling wave (TW) and standing wave (SW) 11.4 GHz accel- 
erating structures [6, 7, 8]. These experiments are part of 
extensive experimental and theoretical program underway 
at SLAC, FNAL and KEK to develop structures that re- 
liably meet the Next Linear Collider and Japanese Linear 
ColUder (NLC/JLC) requirement of 50 MV/m loaded (65 
MV/m unloaded) gradient operation. 

Experiments There is overwhelming experimental ev- 
idence that the waveguide-to-coupler irises in couplers are 
prone to breakdowns for low group velocity TW and SW 
structures [9]. The maximum gradient in all of these struc- 
tures was limited by breakdowns in couplers. The damage 
was concentrated in input couplers [10]. 

The breakdowns produce mechanical shock. Shock 
waves were registered by acoustic sensors installed on the 
input coupler of a TW structure. The data have shown that 
the location of the source of the acoustic signal is correlated 
to the location of waveguide-to-coupler-cell irises [11]. 

A video-camera was used to obtain images of the arcs 
in the SW structures. Averaging of more than 100 images 
again shows that the visible arc location corresponds with 
the location of the waveguide-to-coupler-cell irises [8]. 

An autopsy of a TW structure has shown that the inner 
edges (cell side) of the waveguide-to-coupler-cell irises are 
eroded while the outer edges (waveguide side) are almost 
intact. The damage was roughly uniform over the height of 
the irises [12]. 

Detailed electrodynamic simulation was made in order 
to understand the physics underling coupler breakdowns. 
The simulations and their results are discussed in this paper. 

'Work supported by the Department of Energy, contract DE-ACOS- 
76SF00515 

A coupler cavity is designed to provide rf power flow 
from waveguide to the accelerating structure. Design of 
the coupler is a complex 3D electrodynamic problem. To 
find the rf magnetic field and calculate the pulse temper- 
ature rise the existing couplers had to be modeled with a 
more accurate code than the code they were originally de- 
signed with. Since both TW and SW accelerating struc- 
tures were tested, couplers for both types were simulated. 
First, the couplers were matched. The matching procedures 
for couplers of TW structures and SW structures are differ- 
ent: a TW structure coupler should match waveguide to 
an infinitely long periodic structure; a SW structure cou- 
pler should provide specified loaded Q. Second, the max- 
imum surface rf magnetic field should be determined. In 
the couplers the field reaches maximum on the edges of the 
waveguide-to-coupler iris. Then the maximum pulse tem- 
perature rise due to the magnetic field is estimated. 

Matching of TW structure couplers 

An efficient automated procedure has been developed 
for the simulation of existing TW structure couplers, new 
couplers designs, and for study of how cell shape effects 
the magnetic and electric fields. A C++ program opti- 
mizes coupler dimensions using the commercial frequency- 
domain code Ansoft HFSS^^[13]. The matching proce- 
dure uses a method based on properties of periodic struc- 
tures to calculate reflection from the coupler for known on- 
axis electric field. This method was developed for time 
domain simulations by N. M. KroU et al. [1]. To find the 
reflection three points on z axis separated by structure pe- 
riod P were used, with complex electric fields ai.E{z-P), 
E{z), and E{z + P). Intermediate quantities are 

A(ar) = {E{z + P)- E{z - P))/E{z), 
T.{z) = {E{z + P) + E{z - P))/E{z). 

Phase advance per cell ^ is found from equation cx^ij) = 
T,{z)/2. The reflection is 

R{z) = (2sinV -iS(^))/(2sin^-FjE(z)). 

Here j = \/^. One frequency point calculation of a 
model made of 4 to 6 cells and one coupler ceU gives the 
coupler reflection directly. More than 4 cells is needed if 
the structure is tapered. Reflection from the excitation port 
is irrelevant so there is no need for a second coupler. The 
structure does not have to be symmetrical from beginning 
to end as in [1]. The following algorithm is executed during 
coupler matching: 

1. The program reads a text file of coupler and cell 
dimensions and optimization parameters.    Then it 
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writes an HFSS macro that is later executed by post- 
processor and a macro for 3D modeler to generate the 
first structure geometry. 

2. The program starts HFSS and waits until HFSS 
has finished calculating and saving Ue{E{z)) and 
Qm{E{z)) along the z axis of the structure. 

3. The program reads the saved fields, calculates R{z) 
and ijj and then writes an HFSS macro with geometry 
for the next iteration. 

4. The program uses a two parameter optimization algo- 
rithm and repeats steps 2 and 3 until the desired cou- 
pler reflection is found. 

This program can use any structure dimensions in the pa- 
rameter search, but usually the chosen dimensions are di- 
ameter of the coupler cell, opening of the waveguide-to- 
coupler iris, and diameter of next-to-coupler cell. For typ- 
ical geometries one such iteration takes from 8 to 30 min- 
utes on a two-processor 900 MHz Pentium computer. More 
accurate calculations require more time. A typical cou- 
pler is matched with an ovemight run of the program using 
lower accuracy faster iterations. Then the match is verified 
with several more accurate runs, which at the same time 
provide tolerance analysis for manufacturing. Typical final 
R achieved is 0.02...0.06. 

The whole procedure is robust and never failed to match 
a coupler. Such sources of error as finite accuracy of field 
calculation in HFSS or slight variations of tapered structure 
dimensions from dimensions of an exactly periodic struc- 
ture do not prevent a good match. 

Matching of SW structure couplers 

SW TT mode structures were recently high power tested 
at SLAC [8]. Each structure has 14 uniform cells with the 
coupler cell located in the middle. The coupler matching 
of such a structure is reduced to adjusting the resonant fre- 
quency and loaded Q of the coupler cavity only. 

HFSS in eigenvalue mode was used for these calcula- 
tions. Magnetic boundaries were applied on the interface 
between coupler and adjacent cells to simulate n mode. 
Waveguide, connected to the coupler cell, was terminated 
with a matched load. With these boundary conditions the 
HFSS eigenvalue solver directly calculates resonant fre- 
quency and loaded Q. First, the loaded Q is adjusted with a 
change of the waveguide-to-coupler cell iris opening; then 
the coupler is tuned to resonate at the working frequency 
by changing the coupler cell diameter. Typically 6 to 10 
iterations are enough to tune the coupler with total calcu- 
lation time of one to two hours. The match is verified by 
calculating the reflection coefficient of the whole structure 
assuming it is made of copper. 

Magnetic fields on sharp edges 

The radius of the waveguide-to-coupler cell iris edge was 
specified on the drawing at 76 ± 25Aim. Width of the iris is 
0.8 mm. Direct calculation of this small rounding is rather 
time consuming and was done only for several couplers. 

For the rest of the couplers, the magnetic field was calcu- 
lated using an analytical extension of the numerical result. 

Usually, the couplers were simulated without the 
waveguide-to-coupler cell rounding. On a 90° comer the 
normal magnetic and electric fields have a singularity pro- 
portional to p~^/^, where p is the distance to the comer 
[14]. Fields calculated with HFSS on such a comer will de- 
pend on mesh size and will not converge. At the same time, 
field between the sharp edges will converge. A 2D electro- 
static model was built to determine field enhancement on 
the comer compared to field between edges. A precision 
2D boundary-element code was used [15]. Fitting of the 
results gives the amplification factor k = 1.04r^/^ for iris 
width of 0.8 mm and the edge rounding r [mm]. This fac- 
tor for 76 /im rounding is ~ 2.5. Direct HFSS calculations 
of couplers with 76 /^m rounding agree with this simple 
model. 

Pulsed heating 

RF heating of a metal surface was calculated with a ID 
model using calculated tangential magnetic field H^ [5]. 
The pulse temperature rise AT is given by : 

ab\/'Kp'Cfk' 
where t is the pulse length, a is the electrical conductivity, 
5 is the skin depth, p' is the density, c^ is the specific heat, 
and k is the thermal conductivity of the metal. For copper 
at a frequency of 11.424 GHz the temperature rise AT = 
430|i7|| pv/t, where AT is in °C, E\\ in MA/m, and t is in 
US. In this simplified model, nonlinearities of the metal's 
physical propeities are neglected. 

RESULTS 
Coupler breakdowns limited the performance of all re- 

cently tested structures with sharp edged couplers. Some of 
the couplers were cut open after the test. Damage to edges 
observed on the microscope images was correlated with 
calculated pulse temperature rise of about 100°C. But to 
predict the breakdown behavior using the calculated pulse 
temperature rise was difficult. All stmctures have shown 
threshold-like breakdown behavior with the input rf power 
and pulse width similar to that given in [8]. The calculated 
pulse temperature rise for the threshold varied between 60 
to 150°C, but not all couplers with similar rf magnetic 
fields where breaking down. 

Rounded irises 
After the source of coupler breakdowns was traced to 

high magnetic fields on the sharp edges of the waveguide- 
to-coupler cell irises, an obvious solution followed: in- 
crease the iris rounding to reduce magnetic surface fields. 
To determine the sufficient rounding one NLC proto- 
type stmcture was matched by couplers with different iris 
rounding. That stmcture is 60 cm long, constant gradient, 
with initial group velocity (vg) of 3% of speed of light (c) 
and 150° phase advance per cell. Several couplers with dif- 
ferent rounding were matched. The results for two stmc- 
tures with 70 MV/m unloaded gradient and NLC pulse 
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Figure 1: Dependence of maximum pulse temperature rise 
vs. waveguide-to-coupler iris rounding for 60 cm and 
90 cm long accelerating structures. Dots — simulation, 
curves — polynomial fit. 

width of 400 ns are shown in Fig.l. The shorter structure 
needs 70 MW of input power while the longer one needs 
96 MW to reach this gradient. The temperature rise for 
the 90 cm, Vg = 0.03c structure has been scaled up from 
60 cm structure results since both structures have the same 
input couplers. Iris rounding of 3 mm was chosen for the 
new couplers to keep the pulse temperature rise far below 
100° C. Couplers for several structures with such round- 
ing were designed, built and high power tested. Perfor- 
mance these structures was not limited by coupler break- 
downs [16]. At the same time, new coupler designs have 
been developed to considerably decrease the pulse temper- 
ature rise and surface electric field [17]. 

Electric fields 
A coupler that had more than 150°C calculated temper- 

ature rise but no breakdowns was autopsied. The coupler 
had damage on the the iris edges. This damage was roughly 
uniform along the height of the iris but looked very differ- 
ent from damage in couplers with breakdowns. This obser- 
vation prompted a closer look at the surface electric field. 

This edge surface electric field is commonly ignored 
since it has much lower amplitude than the maximum field 
in the cell. A real structure with irises and beam pipes al- 
ways has electric field on outside cell diameters contrary to 
an idealized case of a pill-box cavity with TMOOl mode. 
The sharp edges on the waveguide-to-coupler iris enhance 
this field. 

Input and output couplers of a 60 cm structure with ini- 
tial Vg = 0.03c were simulated using HFSS. The couplers 
were modeled with 80 //m rounding. The surface elec- 
tric field distribution on the iris edges is shown in Fig. 2. 
For unloaded gradient of 70 MV/m the input coupler has 
13 MV/m maximum field on the edge, the output couplers 
has ~2 MV/m. The calculated pulse temperature rises are 
270° and 160°C respectively. During the high power test 
the input coupler was breaking down, but output did not. 

SUMMARY AND DISCUSSION 
After the source of coupler breakdowns was traced to 

sharp edges of the waveguide-to-coupler irises the problem 
was solved with new low magnetic field coupler designs. 

Figure 2: Surface electric field distribution on the edge of 
60 cm, Vg = 0.03c structure: a) input coupler, maximum 
edge field ~13 MV/m; b) output coupler, maximum edge 
field ~2 MV/m. 

The damage observed on the coupler edges and the 
breakdown behaviour suggests that the breakdown trigger 
is related to mechanical fatigue of the copper surface. In 
the the model described in [18] the mechanical fatigue 
accumulates with each pulse and after certain number of 
pulses a macroscopic change occurs (similar to creation of 
a dislocation). This model needs an additional assumption 
that this macroscopic change triggers the rf breakdown. It 
seems that the moderate electric fields (~ 10 MV/m) on 
the edges are an essential part of this trigger. The physics 
of the surface heating also needs verification, since other 
effects, like single surface multipactor discharge in strong 
rf magnetic fields, could increase the surface temperatuie 
in addition to the Joule heating due to rf currents. 

ACKNOWLEDGMENTS 
I greatly appreciate useful discussions and suggestions 

of Chris Adolphsen, Sami Tantawi, Perry Wilson of SLAC; 
V. Yakovlev of OMEGA-P; and help of Valentin Ivanov of 
SLAC with the electrostatic model. 

REFERENCES 
[1] 

[2] 
[3] 
[4] 
[5] 

[6] 
[7] 
[81 
[9] 

N. M. KroU et al., "Application of Time Domain Simulation to Cou- 
pler Design for Periodic Stracutres", LINAC 2000, Monterey, CA, 
August, 2000. 
J. Haimson et al, AAC96, AIP Conf. Proc. 398, p. 898 (1997). 
O. A. Nezhevenko et al., PACOl, Chicago, IL, 2001, p. 3492. 
O. A. Nezhevenko, PAC97, Vancouver, BC, 1997, p. 3013. 
D. P. Pritzkau, "RF Pulsed Heating," SLAC-Report-577, Ph.D. Dis- 
sertation, Stanford University, 2001. 
J. W. Wang et al., TH464, LINAC02, Gyeongju, Korea, 2002. 
V. A. Dolgashev, TU104, UNAC02, Gyeongju, Korea, 2002. 
V. A. Dolgashev etal, TPAB031, this conference. 
"NLC Newsletter," July, 2002. 

[10] C. Adolphsen et al., ROAA003, PACOl, Chicago, IL, 2001. 
[11] J. Frisch et al, TH484, LINAC02, Gyeongju, Korea, 2002. 
[12] F. Le Pimpec et al, M0486, LINAC02, Gyeongju, Korea, 2002. 
[13] http://www.ansoft.com/products/hf/hfss/ 
[14] R. Mittra and S. W. Lee, "Analytical Techniques in the Theory of 

Guided Waves", Macmillan, 1971. 
[15] V. Ivanov, "Computer simulation the problems of high-current elec- 

tronics," Proc. 11-th IEEE Int. Pulsed Power Conf., Baltimore, Mary- 
land, June 29- July 2,1997. 

[16] C. Adolphsen, ROPC006, this conference. 
[17] C. Nantista et al., TPAB036, fliis conference. 
[18] V. F. Kovalenko et al, "Thermophysical Processes and Electrovac- 

uumDevices," Moscow, SOVETSKOE RADIO (1975), pp. 160-193. 

1269 



Proceedings of the 2003 Particle Accelerator Conference 

CIRCUIT AND SCATTERING MATRIX ANALYSIS OF THE WIRE 
MEASUREMENT METHOD OF BEAM IMPEDANCE 

IN ACCELERATING STRUCTURES* 

R.M. Jones, N. Baboi^ S.G. Tantawi, SLAC, Stanford, CA 94025, 
N.M. KroU, UCSD, La JoUa, CA 92093 

Abstract 
In order to measure the wakefield left behind multiple 

bunches of energetic electrons we have previously used 
the ASSET facility in the SLC [1]. However, in order to 
produce a more rapid and cost-effective determination of 
the wakefields we have designed a wire experimental 
method to measure the beam impedance and from the 
Fourier transform thereof, the wakefields. In this paper 
we present studies of the wire effect on the properties of 
X-band structures in study for the JLC/NLC (Japanese 
Linear Collider/Next Linear Collider) project. 
Simulations are made on infinite and finite periodical 
structures. The results are discussed. 

1 INTRODUCTION 
The progress of multiple bunches of electrons down 
several thousand accelerating structures can, at worst, lead 
to a Beam Break Up instability or at the very least can 
give rise to a dilution in the emittance of the beam. These 
affects are driven by both intra-bunch (or short range) 
wakefields and long-range wakefields. In order to ensure 
that these effects do not occur it is important to be able to 
predict and measure the associated beam impedance, loss 
factor and wakefield for a given accelerator structure in a 
routine maimer. Measurements already made on X-band 
structures inserted in the 2-mile SLAC linac using the 
ASSET facility [1] have indicated that theoretical models, 
give good predictions as to how well the wakefield is 
damped [2]. However, such measurements are so time 
consuming and expensive that it is only practical to make 
this measurement on a very limited number of 
accelerating structures. The wire measurement technique 
[3,4,5,6], once perfected, will enable a routine 
measurement of the impedance of dipole frequency bands. 
We would envisage having a number of wire 
measurement setups being available according to the 
fi-equency band of interest [7]. 

The wire measurement method essentially replaces the 
electron beam with a pulse propagating along a wire 
placed in the DUT (Device Under Test). In practice, the 
loss factor is determined through the perturbation of the 
current due to the DUT [3]. In the fi-equency domain the 
transmission factor leads to the impedance [4], while the 
area under the resonances allows the loss factor to be 

determined [8]. In this paper we investigate the fi-equency 
domain behavior of multiple cell structures. In section 2 
the dispersion properties are calculated with the aid of a 
circuit model. The circuit is developed to model the 
monopole and first dipole mode regions. In the third 
section we utilize a matrix cascading technique in order to 
calculate the overall transmission coefficient of multi-cell 
structures. 

2 CIRCUIT MODEL OF 
LOWER BAND MODES 

We model the interaction between the TEM coaxial 
mode of a wire inserted on-axis into a cavity with the 
TMOl mode of the cavity. The cavity consists of two half 
irises separated from each other by a section of 
waveguide. This cavity will later be considered to be 
infinitely repeating in order to obtain the dispersion 
properties of the system. 

The circuit model chosen to model the electromagnetic 
behavior of a single traveUng wave cavity is shown in 
Fig. 1. The structure is represented by two sections of 
coax with a parallel resonant circuit connecting the upper 
conductors of the two sections. The lower conductors of 
the two sections are connected together directly. 

L 

Fig. 1 Circuit model of wire inserted into accelerating 
cell. The period of the structure is d and the characteristic 
impedance of the transmission line is ZQ. 

For an accelerator made up of an infinite sequence of 
cavities with identical parameters, the dispersion relation 
for a structure modeled by the circuit in Fig. 1 is: 

cos\|/ = cos 
r     ., /r-rl   VaccbfsmU  f/>/r+b] 

^  '^ J 2VlTb(l + a^f^) 
* Supported by the DOE, grant number DE-AC03-76SF00515 
' On leave from NILPRP, P.O. Box MG-36,76900 Bucharest, Romania 
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Here \|/ refers to a particular phase advance, f is the 
frequency normalized with respect to the accelerating 
frequency (11.424 GHz), v^cc is the characteristic phase 
advance per cell at the accelerating frequency. The 
parameters a and b are the accelerating frequency 
normalized with respect to the cell resonance frequency 
and, the parallel resonant circuit inductance divided by the 
coax inductance per unit length multiplied by the cell 
period, respectively. In practice, these two parameters are 
obtained such that the dispersion equation identically fits 
the second 0 mode and the first n mode. 

In the limit of small frequencies this dispersion relation 
yields: 

2 2 
and thus there is a linear relation between frequency and 
phase. For frequencies close to zero, circuit theory 
predicts that the mode follows the light line in this region 
as there is little or no coupling to the monopole or indeed 
any other modes. 

We apply this circuit method to a single cell of the 
SLAC detuned accelerating structure known as DS2S. 
Fig. 2 shows the dispersion points for this structure 
computed with HFSS (High Frequency Structure 
Simulator) together with the curves obtained from the 
dispersion equation. The points are seen to be well 
simulated with the circuit model for all points apart from 
those in the upper branch close to the TT phase advance 
point. Replacing the L-C circuit with a transmission line 
may improve this representation. Work is in progress to 
improve this model in the K phase advance region and 
also to include the higher order frequency bands. 

90 
Phase 

Fig. 2 Dispersion curves for the detuned accelerating 
structure DS2S. The circuit model is denoted by the 
curves and the HFSS simulation is given by the points. 

3 MATRIX CASCADE SIMULATIONS 
In order to determine the impedance or loss factors of 

various passbands, in the wire method the transmission 
S21 has to be determined. Here we calculate the 
transmission coefficient of structures consisting of 
multiple cells in order to facilitate comparison with 
experimental    measurements.        We    considers    the 

dimensions of a 11.4 GHz standing wave structure built 
for the JLC/NLC studies. This accelerator structure, 
known as SW20PI, is 20cm in length and consists of 15 
cells. The cells have an iris radius of 4.75 mm and are all 
identical prior to tuning the cells (in order to obtain a flat 
field). The calculations were made with the HFSS code. 
The walls and the wire are considered to be perfect 
conductors except where otherwise noted. All curves in 
the geometry were approximated by straight lines 
subscribing angles of 10-15 degrees.. 

Performing simulations of full 3D accelerating 
structures is computationally expensive in terms of both 
memory and time. Therefore, we used the technique of 
cascading scattering matrices to obtain the overall 
scattering matrix from the individual multi-mode 
matrices. The scattering matrix of an object is given by: 

g_|S„      Sj2 

^^21      S22J 
where S12 is in general a matrix relating modes of port 1 
to the modes of port 2.   The individual elements of the 

Fig. 3 Structures used for simulation of S parameters: a. 
full structure; b. and c. geometries used in simulations for 
cascading 

2x2 matrix are themselves matrices as they represent the 
scattering into higher order modes. However, in 
calculating the impedance, only the first component of the 
S21 matrix is necessary once the overall scattering matrix 
has been evaluated. 

In order to obtain the scattering parameters for a 
structure similar to the one illustrated in Fig. 3a, we 
calculated the S matrix for the end section 3b and a 
middle section 3c. Six modes were considered in each 
port. The conductors are assumed to have an infinite 
conductivity. The v^dre has a diameter of 300 jam. The 
global scattering matrix is obtained by cascading two- 
sections-at a-time using the generalized scattering matrix 
method [9,10]: 
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^11 =S,, +S,2[I-SijSjjj   S„S^, 

*21 -^2, ^1-8228,,]     Sj, 

^22 = S22 +S2, (1-8228,,!     8228,2 

Here, 8* and S^ represent the matrices of the individual 
sections. This allows the overall matrix to be determined 
quite rapidly as the calculation of a single section is very 
efficient. 

In order to verify the accuracy of our cascading, a 
structure consisting of a limited number of cells (seven for 
the calculation herein) has been studied. The detailed 
resuhs are presented in the following subsections. Two 
cases have been considered: a centered and an offset wire. 

Centered wire 
For the centered wire we sliced a 10 degrees section of 

each simulated object in order to reduce the calculation 
time. An initial comparison of the cascading results to the 
ones obtained directly by simulating the full length of the 
structure showed good agreement, except in the region of 
the cutoff frequencies of higher band modes. The 
agreement is improved considerably by performing a 
simulation in which the actual conductivity of copper 
(o ~5.810' i2"'m"') is used for the walls of the structure 
and for the wire. This prevents numerical instabilities 
occurring as the modes now start to propagate gradually. 
Excellent agreement is now obtained between the two 
simulations as seen in Fig. 4a. 

Frequency [GHz] 

"cascade 
" fill! sinjclure 

_......ji     1A n ^ ! 

i 

\)  Il )\ j   j ..... 
i ,.,jf1 

Frequency [Gtb] 

Fig. 4 821 obtained with the cascading technique compared 
to the direct simulation of a complete 7-cell structure, 
having a wire of 300 ^m in diameter placed on-axis (a) 
and at 1 mm offset (b) 

Offset wire 
In order to excite dipole modes, the v«re is displaced 

from the axis by 1 mm. Symmetry considerations dictate 
that half of the geometry is required to be modeled. The 
walls and the wire are again simulated with the 
conductivity of copper. The results are compared in 
Fig. 4b. The discrepancy between the two methods is 
negligible. 

We also note that in Fig. 4 the fundamental monopole 
band can be distinguished between about 12 and 
12.6 GHz. Moving the wire hardly perturbs it. The 
frequency range above about 13 GHz contains modes of 
the first and second dipole bands interacting with the 
coaxial TEM mode. This region is perturbed significantly 
by moving the wire off-axis. 

4 DISCUSSION 
The dispersion properties of the wire-loaded 

accelerating structure have been seen to be quite well 
modeled with a fransmission line and an L-C circuit. 
Using this circuit for the complete 15-cell structure will 
also enable the impedance of the structure to be obtained 
and enable a thorough understanding of the nature of the 
resonances obtained in the experimental measurement of 
the transmission coefficient. Work is already ongoing in 
this area. Further research is in progress on developing 
the circuit model to include higher order frequency bands. 

Application of the generalized scattering matrix method 
has allowed the overall transmission coefficient to be 
obtained accurately and efficiently. The monopole 
frequency band is, as expected, little affected by the 
movement of the wire whilst dipole resonances are seen to 
appear as the wire is moved off axis. 
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AN AUTOMATED 476 MHZ RF CAVITY PROCESSING FACILITY AT 
SLAC* 

P. Mclntosh, A. Hill and H. Schwarz, SLAC, Stanford, CA 94025, USA 

Abstract 
The 476 MHz accelerating cavities currently used at 

SLAC are those installed on the PEP-II B-Factory collider 
accelerator. They are designed to operate at a maximum 
accelerating voltage of 1 MV and are routinely utilised on 
PEP-II at voltages up to 750 kV. During the summer of 
2003, SPEAR will undergo a substantial upgrade, part of 
which will be to replace the existing 358.54 MHz RF 
system with essentially a PEP-II high energy ring (HER) 
RF station operating at 476.3 MHz and 3.2 MV (or 800 
kV/cavity). Prior to installation, cavity RF processing is 
required to prepare them for use. A dedicated high power 
test facility is employed at SLAC to provide the capability 
of conditioning each cavity up to the required accelerating 
voltage. An automated Lab VIEW based interface controls 
and monitors various cavity and test stand parameters, 
increasing the RF fields accordingly such that stable 
operation is finally achieved. This paper describes the 
high power RF cavity processing facility, highlighting the 
features of the automated control system and illustrating 
its operation with some recent high power processing 
results. 

INTRODUCTION 
There are currently thirty, 476 MHz RF cavities [1] 

installed on PEP-II. The ten RF stations are split with 3 
powering the LER (Low Energy Ring) and 7 powering the 
HER (High Energy Ring). HER station configuration 
typically consists of a single 1.2 MW klystron powering 4 
cavities via a circulator and a network of WR2100 
waveguide, whereas LER stations have 2 cavities 
powered by a single klystron. Recently, to enable more of 
the 1.2 MW of klystron power to be delivered to the 
beam, newer HER stations are being configured in the 2- 
cavity mode. More RF stations are to be installed on PEP- 
II, starting with a 2-cavity HER station this summer and a 
new LER station expected in the summer of 2004. 

SPEAR3 [2], which is currently under construction at 
SSRL at SLAC, will adopt a 4-cavity HER station for 
their RF system. The cavities employed will be identical 
to those used on PEP-II, except that they will be tuned 
slightly higher in frequency to 476.3 MHz. Construction 
is scheduled to be completed by the end of September 
2003. ACCEL Instruments GmbH in Germany is 
manufacturing the new cavities for PEP-II and SPEAR3, 
while accessories such as RF windows, tuners and 
coupling networks are being fabricated at SLAC. 

RF processing of these cavities is initially performed in 
FM mode, with the RF signal swept in frequency across 
the fixed tuned cavity, which effectively pulses the RF at 

* Work supported by Department of Energy contract DE-AC03- 
76SF00515 

resonance. As the vacuum activity diminishes, the cavity 
tuner loop can be energized and CW mode processing 
performed up to a maximum gap voltage (Vjj/r) of 850 kV. 

A dedicated test facility is utilized at SLAC to perform 
the RF processing and it is automated in such a way that 
tiie cavity processing can be monitored remotely and 
should the station trip off for any reason, can be re- 
energized. This enables the facility to remain on-line for 
significant periods of time and the RF processing can 
more effectively continue until the cavity rehably 
achieves full accelerating field. 

TEST FACILITY CONFIGURATION 
The 476 MHz RF cavity test facility at SLAC (see 

Figure 1) consists of a SLAC designed and built, 500 kW 
CW klystron feeding power via a WR2100 waveguide 
system through a circulator, to a bunker enclosure which 
houses the RF cavity. The feeder waveguide penetrates 
the roof of the bunker and couples to the RF cavity via its 
coupling network. The bunker itself has been designed to 
absorb potentially up to 1 MeV of ionizing radiation by 
way of its concrete walls, roof and sliding, lead lined 
door. 

500 kW, 476 MHz Klystn)n 

WR2100 Waveguide 

Figure 1 RF Cavity Processing Test Facility Layout 

For 850 kV of gap voltage in the cavity, 93 kW of 
dissipated power in the cavity (Pcav) is required for the 
standard PEP-II type, HOM damped stiiicture. The 
forward power into the cavity (P^^) needed to generate 
this accelerating field is derived from equation 1: 

^fwd - 
_{l + 0 P Al±& 

cm 1 
4/3      "^       4y3     2/?, 

Table 1 shows nominal characteristics for the PEP-II 
RF cavity and from these, one can calculate for a VRF = 
850 kV, tiiat Pf^i = 145 kW. 
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Table 1  PEP-II Nominal Cavity Characteristics 
Cavity Characteristics Value 
Frequency (MHz) 476.0 
Unloaded Q-factor Qo 33500 
Loaded Q-factor QL 6700 
Coupling Factor 3 4.0 
Shunt Impedance Rs (M£2) 3.9 
Effective Impedance R/Qo (£2) 116.4 

A limit is placed on both the maximum cavity input 
power to the bunker and the peak accelerating voltage 
generated. These limits are designated as station MPS 
(Machine Protection System) interlocks. 7%,^ is limited to 
150 kW and is monitored through a WR2100 directional 
coupler at the entrance to the bunker penetration and the 
accelerating voltage is limited to 1 MV and is monitored 
via the cavity coupling loop. The HVPS (High Voltage 
Power Supply) is shut off rapidly (~30/is) should either of 
these hmits be breached during RF processing. 

AUTOMATED RF PROCESSING SYSTEM 
RF processing of the cavity is performed using the 

National Instruments, high level graphical programming 
language - Lab VIEW [3], which controls the input power 
to the cavity whilst monitoring various elements of its 
operation, such as vacuum pressure, cavity body 
temperatures, tuner position, resonant frequency, RF 
window temperature and forward and reverse powers. 
Other features of the test facility are monitored and 
interlocked which include; cavity window air side and 
vacuum side arc detectors, water flow and temperature, 
reverse power at the cavity as well as the MPS limits 
previously defined. A CCD camera is located on a cavity 
inspection port looking at the movable tuner; this is also 
read back into the LabVIEW system, via an image 
capturing interface which enables monitoring of 
breakdown events inside the tuner, should they occur. 

A voltage feedback routine controls the cavity 
accelerating voltage and forward power and if the vacuum 
in the cavity is below a specified level, the RF power is 
steadily increased. As more gas is generated from the 
cavity, its coupling network and the RF window, the 
vacuum level inside the cavity will increase. If the cavity 
vacuum exceeds the vacuum limit set for RF processing, 
then the RF power is reduced automatically until the 
vacuum in the cavity improves again. The process is then 
repeated and Pcm is increased again until the cavity 
achieves its maximum defined field level of 850 kV. 
Typically then the cavity is held at this power level for 1-2 
days, as its vacuum activity and stability improves. 

The hardware used to perform the readback and control 
functions are shown in Figure 2. A PC system is 
configured with 4 National Instruments interface boards; 
Board a) a PCI-GPIB board is used to interface to a 
Marconi 2019 Signal Generator which controls the drive 
to the 500 kW klystron in either FM or CW modes. Board 
b) a PCI-6025E data acquisition (DAQ) board which is 
used  to  read   and   write   digital   I/O   (DIO)   control 

information to and from the test facility. The DIO 
interiock reads comprise cavity water flow, cavity arc 
detectors, cavity temperatures and cavity vacuum. The 
DIO writes include, switching the HVPS on and off, 
enabling the RF, activating the voltage feedback system 
and resetting interiocks. Board c) the 6025E board also 
connects to an AMUX-64T analog multiplexer board, 
which reads 13 temperature sensors positioned at various 
locations on the cavity body and its coupling network. It 
also reads the cavity forward and reverse power levels, the 
gap voltage, the tuner position and the cavity pressure. 
Board d) a PCI-1409 image acquisition board is 
connected to a CCD camera looking at the cavity movable 
tuner. The image acquisition (IMAQ) board is triggered 
from extemal sources and the images are buffered so that 
potential breakdown events occurring in the tuner gap can 
be captured. 
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Infection port view rf movifcle tuner 

PCI-14D9 Image AcquisitiotiBoard 

Figure 2 Analog and Digital Diagnostics and Controls 

The LabVIEW front panel for the cavity processing or 
conditioning system allows for easy manipulation of the 
system controls and diagnostics as shown in Figure 3. It 
currently comprises 9 sections; File Acquisition which 
identifies the file to which data is being stored. Interlocks 
indicates the current interlock status. Temperatures 
whereby each of the 13 cavity body water cooling circuit 
temperatures including an infra red temperature reading of 
the RF window are indicated and limits are set which shut 
off the HVPS if exceeded, Cavity Pressure shows a real 
time plot of cavity pressure and allows for a pressure limit 
on cavity processing to be specified, Misc Parameters 
allows the users to monitor in real-time a specific cavity 
parameter, RF Power indicates the current cavity powers 
along with imposed limits. Cavity Tuner shows the tuner 
position, Cavity Voltage graphically shows the cavity 
voltage and Voltage Feedback enables the voltage 
feedback loop to be closed in order to increase the power 
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from the klystron, the feedback loop monitors the cavity 
forward power with respect to its limit as well as the 
cavity pressure and if either limits are exceeded then the 
RF input power is reduced via a voltage controlled 
attenuator on the input to the klystron. 

Figure 3 Lab VIEW Cavity Conditioning Front Panel 

Closed loop operation of this feedback loop has 2 
modes; FAST and SLOW, which relates to the rate that 
each power iteration is made with FAST occurring every 
-0.5 seconds and SLOW acting every ~2 seconds. This 
SLOW provision is implemented to assist in processing 
through particularly stubborn areas whereby large vacuum 
spikes would normally inhibit processing in FAiST mode. 

CAVITY PROCESSING RESULTS 
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Figure 4 Cavity SP3-01 RF Processing History 

A total of 6 PEP-II type cavities have been successfully 
processed using the system described here. The most 
recent were 2 cavities completed in March - April 2003 
for SPEARS. Figure 4 shows the 14 day processing 
history for the first SPEAR3 cavity SP3-01. Processing 
started in FM mode on 3/28, initially at 300 kHz 
modulation up to a peak voltage in the cavity of Ygp = 850 
kV and left to run at this level for several hours, with the 
vacuum level in the cavity controlled to below 1 x 10"* 
torr. Processing was then switched to CW mode at 476.3 

MHz and the cavity took only 3 hours to process to full 
field on 3/31. 

A problem then arose whereby the cavity could not 
sustain this level of field and repeatedly tripped off, after 
~ 1 hour operation, on the RF window vacuum side arc 
detector interlock signal (LabVIEW interlock: 
Cavity/Arc). The imaging camera did not capture any arc 
or breakdown evidence inside the cavity when this event 
occurred. After 2 days of attempted processing CW at full 
field, the station was reverted back to IM processing 
mode to try and overcome this limit. A peak field of Vgp = 
900 kV was set and the FM frequency was cycled under 
LabVIEW control from 150 kHz down to 20 kHz over 
several hours. Switching back to CW processing mode 
however did not improve the stability of the cavity at high 
field and it again repeatedly broke down on vacuum side 
window arcs. 

On 4/04 the cavity was removed from the test facility 
and the RF window was taken off the coupling network 
and a pre-baked replacement window re-installed. The 
removed window was later diagnosed as having faulty 
copper plating as the cause for the repeated arcing. The 
cavity was then put back into the test facility bunker and 
FM processing resumed a few hours later when the 
vacuum level in the cavity reduced to a reasonable level. 
After -24 hours, the cavity had reached VRF = 850 kV at a 
pressure of 1.3 x 10'* torr. Switching back to CW mode, 
the cavity reached full field in 2 hours and remained there, 
following a trip attributed to a circulator arc, for -41 
hours before tripping off again on another circulator arc. 
Processing was concluded for this cavity with a fiirther 
-49 hour ran at full field. 

CONCLUSIONS 
As the RF processing of these accelerating structures up 

to full accelerating fields takes many days of continuous 
operation, it becomes necessary to incorporate a control 
system which can provide an automated mechanism of 
control. The LabVIEW control system utilised at SLAC 
allows for a reliable interface to a number of data 
acquisition and control boards which are configured to 
monitor system operation and react accordingly to various 
cavity parameters to ensure that RF processing continues 
efficiently whilst minimizing downtime due to station 
trips. 

The system has proved invaluable in terms of being 
able to process these cavities rapidly and also having the 
inherent flexibility to include sufficient diagnostics that 
assist in identifying problems that may occur. 
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NOVEL ACCELERATOR STRUCTURE COUPLERS* 

CD. Nantista, V.A. Dolgashev, and S.G. Tantawi, SLAC, 2575 Sand Hill Rd., Menlo Park, CA 
94025, USA 

Abstract 
Recent experience with X-band accelerator structure 

development has shown the rf input coupler to be the 
region most prone to rf breakdown and degradation, 
effectively limiting the operating gradient. A major factor 
in this appears to be high magnetic fields at the sharp 
edges of the coupling irises. As a first response to this 
problem, couplers with rounded and thickened iris horns 
have been employed, with improved performance. In 
addition, conceptually new coupler designs have been 
developed, in which power is coupled through the 
broadwall of the feed waveguide. A prototype "mode 
converter" coupler, which launches the TMQI mode in 
circular waveguide before coupling through a matching 
cell into the main structure, has been tested with great 
success. With peak surface fields below those in the body 
of the structure, this coupler represents a break-through in 
the NLC structure program. The design of this coupler 
and of variations which use beamline space more 
efficiently are described here. The latter include a coupler 
in which power passes directly through an iris in the 
broad wall of the rectangular waveguide into a matching 
cell and one which makes the waveguide itself an 
accelerating cell. We also discuss techniques for matching 
such couplers. 

INTRODUCTION 
RF power is typically coupled into accelerator 

structures by magnetic coupling through a pair of iris 
apertures in thin-walled interfaces between die ends or 
narrow walls of rectangular waveguides and a coupling 
cell [1]. In the development of high-gradient structures for 
future linear colliders, much attention has been demanded 
by the limitations imposed by rf breakdown and surface 
damage [2], [3]. Although high-field regions such as iris 
tips and slots throughout these structures are vulnerable to 
breakdown, couplers have been seen to represent a sort of 
bottleneck. In the past couple of years, this has led us to 
explore ways of reducing the surface fields in structure 
couplers. We here present and discuss some solutions to 
the coupler problem. 

FAT-LIPPED COUPLER 
Post-processing autopsies of test structures have 

revealed gross deterioration of the "horns" or ridges of 
waveguide to coupler cell irises. This confirmed a 
cormection between processing damage and pulsed 
heating due to large surface currents [4], The problem was 
most obvious in structures where the horn edges had been 

made sharp (-0.08 mm radii). The most straight-forward 
remedy to the problem of coupling iris pulsed heating is 
to round the iris edges with increased radius. Figure 1 
shows a coupler geometry of the type which performed 
poorly and a modified coupler with a 3 mm thick, fliU- 
radiused waveguide iris. This redesign reduced the peak 
surface magnetic field by -50% and the pulsed heating by 
a factor of four. The coupler cell wall is given a racetrack 
shape to compensate for the larger quadrupole distortion 
of the fields [5]. 

* Work supported by the U.S. Department of Energy under contract 
DE-AC03-76SF00515. 

Figure 1: Quarter cross-section of a) thin-irised coupler 
and b) fat-lipped coupler with reduced pulsed heating. 

MODE-CONVERTER COUPLER 
Greater reduction of coupler fields requires a qualitative 

change of design. The mode-converter coupler was 
adapted from a set-up designed to test and study single 
cells of various geometries and materials. To test the 
performance of these cells without being hmited by 
coupler field enhancement, we had decided to couple on 
axis from a circular TMoi mode waveguide. A TMQI 
launcher was thus designed. Between two such launchers 
could be inserted a simple, symmetric structure consisting 
of the travelling-wave test cell sandwiched between two 
lower-field matching cells. 

The TMoi Mode Launcher 
After electric fields were found to be too high in an 

initial wrap-around style mode launcher, a simpler design 
was conceived. It consists of a WR90 waveguide, to be 
fed symmetrically from both ends, opening through its 
broad wall into a perpendicular 0.900" diameter circular 
waveguide. Matching the diameter to the rectangular 
guide width keeps the fields low while avoiding 
uimecessary overmoding. The only other propagating 
mode, the fiindamental TEn, even when not excluded by 
symmetric feeding, is poorly coupled compared to the TM 
mode. A simple matching element completes this launcher 
or mode converter. This can be an iris in the circular 
waveguide or, as shovra in Fig. 2, a set of matching 
bumps (or posts) in the rectangular waveguide. 

The edge of the junction, where the walls of the 
rectangular and circular guides meet, is rounded to 
minimize electric field enhancement. For the singe-cell 
tests, a smaller hole, opposite the circular waveguide, 
opens into a cutoff viewport. In adapting this mode 
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converter into a coupler for an actual beamline structure, 
this viewport becomes the beampipe. 

Figure 2 shows the geometry of the mode converter 
with electric and magnetic field plots from HFSS. For a 
power flow of 50 MW, the peak surface electric field is 
35 MV/m and the peak magnetic field is 100 kA/m. The 
match, quite broad relative to structure bandwidths, is 
shown in Figure 3. 

Figure 2: Quarter geometry of TMoi mode converter with 
a) electric field and b) magnetic field plots. 

11.35 11.4 11.45 11.5 

Frequency(GHz) 
Figure 3: Simulated fi-equency response of X-band TMQI 

mode converter. 

Designing Matching Cells 
Use of this universal mode converter in any given input 

or output coupler requires design of a customized cell to 
match the circular waveguide into the disk-loaded 
structure. This cell has fields higher than in the mode 
converter itself, but can typically be designed to have 
surface fields below those in the main structure cells, so 
that the coupler is no longer a weak link. To determine the 
matching cell dimensions for a travelling-wave structure, 
one can use the following approach based on 
symmetrized models and single-mode cascading. 

First, one models a symmetric structure composed of 
one or more structure cells, with the central one 
symmetrized—for example cells 1, 2, 3, 2, and 1, with the 
diameter of cell 3 adjusted if necessary to account for the 
fact that it has the same iris dimension on either side 
(normally changing in a constant gradient structure). 
Using a field solver such as HFSS, this model is 
simulated, with a port at each end of the circular 
waveguide diameter, to determine the scattering matrix. 

This is repeated with the central, symmetric cell doubled 
and then tripled. 

If one converts the scattering matrix to a transmission 
matrix and cascades it between those of an imdetermined 
matching element and its reflection as 

T     -fnjf"! ■*^>^   the   condition   for   a   match, 

^21 -^ (or ^\\ = 0), yields the following equation 
for the amplitude of the matching reflection as a function 
of the phase as seen looking out from the modelled port: 

rim COs(^l+</>2"2) -1, 

where the (f) 's are phases of scattering matrix elements. 

Plotting the solution to this equation over the <*2 

region where it is pure real for the cases of one, two, and 
three symmetrized cells, one finds that the curves 
intersect at a unique point. Since this match is 
independent of the number of central cells, it must be a 
travelling wave match to the periodic structure 
represented by that cell. A matching iris can now be 
designed to give this desired reflection amplitude, and 
from its simulated reflection phase its proper spacing 
from the first structure iris can be determined. This 
defines the matching cell. Figure 4 shows an example 
with electric fields. 

Figure 4: Circular waveguide (left) matched to a TW 
periodic structure through a matching cell with field plot. 

The symmetry technique described here is applicable to 
more complicated three-dimensional matching problems 
as well, since the matching element need not be a simple 
waveguide iris. In practice, this matching method does 
not always give as small a reflection as desired. It can be 
used to get close to the desired match. The coupler 
dimensions can then be optimized using the KroU method 
[6], by which the internal reflection fixjm a periodic 
structure coupler is calculated from the simulated fields in 
the cells using formulae derived from Floquet's theorem. 
Since such optimization takes many long field solver 
iterations, the three iterations (even two would sufiSce) of 
the symmetry technique are seen to provide a valuable 
head start. 

BROADWALL (WAVEGUIDE) COUPLER 
An imdesirable aspect of the mode-converter coupler, 

where real estate is valuable, is that negligible 
acceleration is gained over the beamline distance it 
occupies. This reduces the average effective accelerating 
gradient of a structure. For use in a linear collider, a more 
compact coupler is required. With this in mind, it was 
realized that two matching steps, from rectangular 
waveguide  to  circular waveguide  and from  circular 
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waveguide to disk-loaded structure, are not necessary. 
The TMoi waveguide can be eliminated by direct electric 
coupling through a circular iris in the WR90 broadwall 
into a matching cell. We had wondered how short the 
circular waveguide section could be made before 
evanescent modes spoiled the independently simulated 
matches. With the added design cost of having to simulate 
90° wedges of the 2-D accelerator cells due to the coupler 
symmetry, we could in this way reduce its length to zero. 
Figure 5 illustrates the broadwall coupler. 

enhancement on the iris and beampipe opening. This is 
similar to "racetracking" in the fat-lipped coupler. Due to 
their lower fields, it was considered unnecessary in the 
mode-converter and broadwall couplers. 

i_j^_ 

Figure 5: Quarter geometry of a broadwall coupler with 
electric fields 

This single match design also allows the elimination of 
bumps or posts in the rectangular waveguide ports. The 
WR90 is then free of obstruction. This is good from the 
point of view of dipole wakefield damping. One 
orientation of the lowest TM dipole mode on the coupler 
axis excites TEio asymmetrically in either arm of the 
rectangular waveguide; the other excites in-phase TE20 
waves. Without matching elements, these are free to 
propagate out, and trapped coupler modes can be avoided. 

ACCELERATING WAVEGUffiE 
COUPLER 

Even the broadwall coupler sacrifices some 
acceleration efficiency for low coupler fields. There is 
very little field in the waveguide region, and the field in 
the matching cell may not be quite synchronous. If the 
couplers represent a small fraction of the structure length 
and/or allow a higher gradient to be reached in the main 
cells than otherwise achievable, it may be a viable 
candidate. 

Ideally, however, we would like to reclaim this 
beamline space for acceleration. This might be 
accomplished with a more complicated accelerating 
waveguide coupler similar to that shown in Figure 6. Here 
partial chokes in the waveguide create a standing wave in 
the region of the beamline. The height of the waveguide is 
stepped dovra to the length of a cell, and the iris coupling 
it to the main structure is adjusted to achieve the desired 
phase advance. The waveguide region thus becomes for 
the beam another cell. The idea is to get significant 
acceleration here without, in the process, raising field 
levels at the chokes, or alternative matching elements, 
back to dangerously high levels. 

The waveguide width is also stepped down near the 
structure axis so that the half guide wavelength Xg/2 is 
equal to the waveguide width. This makes the standing 
wave field lobe square, eliminating quadrupole 
asymmetry,   which   can   cause   surface   electric   field 

Figure 6: Quarter geometry of an accelerating waveguide 
coupler wifli electric fields. 

CONCLUSIONS 
Several innovative coupler design have been presented. 

The fat-lipped and mode converter couplers were 
successfully used for the output and input couplers, 
respectively, of an experimental X-band structure, 
allowing it to be processed up to 90 MV/m (400 ns pulse). 
A subsequent set of structures in the SLAC/KEK program 
will be tested with mode converter couplers to optimize 
the main structure parameters. Fermilab will provide 
additional R&D structures with broadwall couplers. The 
CLIC structure program at CERN has likewise adopted 
the mode-converter and broadwall coupler designs for 30 
GHz test structures [7]. 
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USE OF ACOUSTIC EMISSION TO DIAGNOSE BREAKDOWN IN 
ACCELERATOR RF STRUCTURES* 

J. Nelson*, M. Ross, J. Frisch, F. Le Pimpec, K. Jobe, D. McCormick, T. Smith, SLAC, Menlo 
Park, CA 94025 USA 

Abstract 
Accelerator structures of a wide variety have been 

damaged by RF breakdowns. Very little is known about 
the mechanisms that cause the breakdown and the damage 
although there has been theoretical work [1,2]. Using an 
array of ultrasonic acoustic emission sensors we have 
been able to locate and classify breakdown events more 
accurately than possible using microwave techniques. 
Data from the technique has led to improvements in the 
design of the NLC X-band RF structure. We report 
results of acoustic emission studies at the DESY TESLA 
Test Facility and the SLAC NLC Test Accelerator. 

INTRODUCTION 
The Next Linear CoUider (NLC) project requires X- 

band copper structures capable of operating at accelerat- 
ing gradients of about 70 MV/m with a breakdown rate 
less than 0.1/hour. To understand the higher breakdown 
rates seen, a tool is needed that is able to localize the 
deposited energy within a few square mm around the iris. 

In [1] a breakdovm mechanism is proposed which 
entails a small plasma spot forming near an iris. This 
model predicts surface melting in the region of the plasma 
spot as well as energy deposition on an opposing iris. If 
so, a tool capable of localizing the breakdown should be 
able to distinguish this phenomenon from a breakdown 
affecting only one iris. 

Acoustic emission sensors (AES) were used to localize 
breakdovras in multiple scenarios: L-band RF gun and X- 
band accelerating structures, as well as studying 
breakdown patterns associated with X-band structure 
processing. 

ACOUSTIC EMISSION SENSORS 
Acoustic emission sensors are piezo-electric devices 

used in industrial non-destructive testing of such things as 
crack propagation in airplane frames. In the X-band case, 
heat from the 40 joule RF pulse is absorbed in the 
structure walls causing thermal expansion which creates 
sound that we can detect in the 100 kHz - 1 MHz range. 
We see little attenuation at these frequencies; however, at 
higher frequencies the attenuation is strongly dependent 
on crystalline structure. While we don't have an absolute 
calibration of the amplitude of the vibrations in the 
copper, one can readily hear breakdowns and even normal 
events in the structure. 

Acoustic waves propagate in annealed copper as bulk 

shear {s) waves with a speed v^ = 2325 m/s, bulk pressure 
(p) waves, Vb = 4760 m/s, or as a slower shear wave [3]. 
At our detectable frequencies, the shear wave disturbance 
wavelength is about 10 mm, the characteristic dimension 
of X-band RF cell widths, but significantly smaller than 
L-band components. 

DATA 

L-Band 
The TESLA Test Facility (TTF) normal-conducting L- 

band 1.5 cell RF photocathode gun has exhibited 
breakdown activity near its peak design power and pulse 
length [4]. The determination of the breakdown location 
is more easily done with acoustic sensors than with 
standing wave microwave localization techniques. 

Eight sensors were attached to the copper gun cavity 
and waveguide with cyano-acrjdate glue. The sensors' 
signals were locally ampUfied then recorded with 
oscilloscopes outside the tunnel housing. Figure 1 below 
shows sensor signals from a typical breakdown event. 
The breakdown signals are up to 100 times larger than the 
signals produced on a non-breakdown pulse. 
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Figure   I:  Recorded voltage  signals from TTF gun 
acoustic sensors from a single breakdown event. 

In Fig. 1, the breakdown signals that are largest and 
arrive earliest (sensors 3 and 4) are around the waveguide 
coupler iris. Those that are small and arrive later (sensors 
7 and 8) are attached to the gun's cavity coupler cell and 
close to the cathode, respectively. The shapes of the 
envelopes of the signals are not understood. 
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X-Band 
At the NLC Test Accelerator (NLCTA) an aggressive 

structure testing program is underway to refine structure 
designs to achieve the NLC required parameters. The 
structures' achievable gradients are limited by 
breakdowns and ultimately by the damage they cause [5]. 
To diagnose this problem, 64 sensors are attached to a 
copper X-band accelerating structure, typically glued 4 
sensors per structure cell, 90 degrees apart. The signals 
are digitized at 10 MHz. Each waveform contains 100 jis 
of a sensor's signals fi-om three consecutive RF pulses 
with the last pulse being the breakdown pulse. 

Figure 2 shows two consecutive pulses for 12 sensors 
(3 cells, 4 sensors per cell). Sensor 6 shows the largest 
signal, about 30 times larger than the non-breakdown 
pulse. Adjacent sensors 2 and 10 have relatively small 
signals, indicating very localized energy deposition at 
sensor 6. 
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Figure 2: Two consecutive RF pulses in NLCTA. The 
amplitude of the non-breakdown pulse has been increased 
lOx. 

ANALYSIS 

Breakdown Localization 

We determine breakdown location using two methods: 
(1) time of arrival to of the breakdown signal at the sensor 
and (2) relative amplitude of the sensor signals Cnom- 

To identify the time of arrival of the breakdown signal 
at a given sensor, we first calculate the integrated rms of 
each sensor's signal, 

Rn(t) = an[V„(l,2,...t)], (1) 
where t is time in 0.1 ^s data points, V is the acoustic 
sensor signal voltage, cis the rms, and R is the integrated 
rms fi-om 1 to t. The subscript n denotes the breakdown 
pulse; subscript n-2 denotes the non-breakdown pulse 2 
pulses before. 

At TTF, the time of arrival was determined as when the 
integrated rms crossed a threshold, Rg: 

to=t'whea R(t)>Ro. (2) 
For NLCTA, we used: 

to=t when [R„(t)/R„.2(t)]>Ro. (3) 

At TTF the division by R„.2 wasn't necessary as the 
acoustic signals on non-breakdown pulses were so small. 

Another way to determine breakdown location is to 
look at the relative ampUtude of the signals seen at the 
sensors: 

<7nonn=Rn(20jUs)/R„.2(20Ms). (4) 

RESULTS 

Particle Contamination in X-band Structures 
For one of the NLC test structures, a week's worth of 

processing, 2366 breakdowns, was analyzed using the 
o>!om technique. It was discovered that more than 600 
breakdowns occurred in one location - the twelfth cell of 
the structure, a rate six tunes more than the typical cell 
average. Of the events in cell 12, 83% showed the highest 
signal from the sensor on the bottom of the cell. Based on 
the AES data, the structure was dissected at that cell. We 
found a O.Smm by 1mm sliver of aluminum near the 
location of the largest o;„™. The particle was surrounded 
by many craters and melted spots. 

X-band Structure Input Coupler 

AES gave conclusive evidence of breakdown in the low 
electric field region of the input coupler. This unexpected 
result prompted the redesign of the coupler to reduce 
pulse heating (possibly due to high magnetic fields) on the 
four input waveguide matching irises. This work is 
summarized in [6,7]. 

TTF 

For the TTF L-band gun the breakdowns were isolated 
to the input waveguide coupling iris, not the cathode as 
originally suspected. Typical signals from the 3 sensors 
on this iris are shown in figure 1 as signals 3, 4, and 5. 
Using the to technique and given the distance between the 
sensors and the potential breakdown sources, one can 
pinpoint the breakdown location between sensors 4 and 5, 
as well as calculate the speed of the signal's propagation: 
3520 ±810 m/s. This speed is between the p and s wave 
speeds. The sensors probably see both waves with 
differing sensitivities. 

Multiple-Iris Events in X-band Structures 

Given a data set of a few thousand breakdowns for a 
particular sttucture from a month's running, we chose to 
select just the events which appear to be highly localized, 
namely those meeting the following criteria: for a given 
sensor, i, and its axial neighbors, j±l, 

a-„orm(i)>20  and  a^rji±l)< CT„„rm(i)/2. 
This selected 15 of the 400 events in the body of the 
structure. Figure 3 shows a typical event of this type. 

This figure shows that tiie sensors' resolution is less 
than the distance between the sensors aroimd the cell and 
about equal to the cell spacing. Using the to technique, we 
found that the signals from sensors i±l arrive at the same 
time, approximately 1 (is later than the signal fi-om sensor 
i. Given that the sensors are mounted between the irises. 
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the breakdown can only be coming from both irises, not 
just one. This result is consistent with the theory 
proposed in [1,2]. 

X-band structures and the spitfest phenomenon seen 
during processing. 

8 10 
CcU/Scnsor No. 

Figure 3: cr,u,m for a typical multiple-iris event. The solid 
line connects data from 16 sensors, one per cell, in a row. 
Along the top is a schematic of the structure, showing the 
placement of the sensors between the irises as well as a 
possible path for the sound from the breakdown to travel. 
The inset shows the sensors mounted around a cell. Of 
note is the vertical scale: more than 30 times the energy 
deposited on a non-breakdown pulse is seen by one 
sensor. 

Spitfests in X-band Structures 

Another phenomenon seen during processing of the X- 
band sfructures in NLCTA is the so-called spitfest -when 
breakdowns are rare, but clustered in time. For example, 
there will be no breakdowns for more than 30 minutes, 
followed by many breakdowns m quick succession, less 
than two minutes apart. Some of these breakdowns occur 
at very low voltage. From a two week, steady-state 
running period with 288 breakdowns, 141 happened 
within two minutes of the previous event in 62 spitfest 
groups. Figure 4 below shows the locations of seven 
breakdowns that happened in one spitfest sequence. 

This figure shows that subsequent breakdowns aren't 
confined to the same location as the first breakdown and 
actoally vary their locations by more than just a few cells. 
This is inconsistent wdth the assumption that subsequent 
breakdowns happen near the surface damage caused by 
the first breakdown. 

CONCLUSIONS 
AES have proven uniquely suited to locating 

breakdowns in RF components. Two analysis techniques 
provide complementary information: relative signal power 
and signal timing. Using these two techniques, we have 
been able to diagnose many problems including particle 
contamination and high pulse heating regions as well as 
better understand the multiple-iris breakdown process in 

^ffl^t2u^±a 

Figure 4: Sketch of a section of a 60-cell X-band structure 
showing the location of a series of breakdowns in a 
spitfest. The rows correspond to the rows of sensors on 
the structure: on the wall, aisle, top and bottom sides. 

FUTURE PLANS 
Future plans include adding another 80 sensors to give 

a total of 144. This should help better understand events 
with multiple breakdowns on one pulse. AES will also be 
used to diagnose breakdowns in high power components 
of the 8-pack RF distribution system install^ion. 

ACKNOWLEDGEMENTS 
The authors thank R. Kirby and S. Harvey for the 

structure autopsies and acknowledge K. Ratcliffe's many 
contributions to the NLCTA structure program. 

REFERENCES 
[1] R Wilson, 'Trequency and Pulse Length Scaling of RF 

Breakdown in Accelerator Structure," (2001) SLAC- 
PUB-9114. 

[2]  P.  Wilson,   "Gradient  Limitation  in  Accelerating 
Structures Imposed by Surface Melting," TPAB039, 
this conference. 

[3]  J.  Nelson  and M.  Ross,  "Sftidies of TTF RF 
Photocathode Gun using Acoustic Sensors,"  (2001) 
SLAC-PUB-9340. 

[4] S. Schreiber, et. al., "First Experiments with the RF 
Gun Based Injector for the TESLA Test Facility 
Linac," PAC'99, March 1999, New York, NY. 

[5] C. Adolphsen, "Normal-Conducting RF Structure Test 
Facilities and Results," ROPC006, this conference. 

[6] J. Frisch, et. al. "Studies of Breakdown in High 
Gradient   X-Band   Accelerator   Structures   using 
Acoustic Emission," (2002) SLAC-PUB-9469. 

[7] V. Dolgashev, "Experiments on Gradient Limits for 
Normal  Conducting Accelerators," LINAC 2002, 
August 2002, Gyeongju, Korea. 

1281 



Proceedings of the 2003 Particle Accelerator Conference 

GRADIENT LIMITATION IN ACCELERATING STRUCTURES 
IMPOSED BY SURFACE MELTING* 

Perry B. Wilson, SLAC, Stanford, CA 94309, USA 

Abstract 
A rough picture is beginning to emerge of the physics 

behind the maximum gradient that can be sustained in an 
accelerating structure without producing surface damage at 
a level sufficient to cause a measurable change in the if 
properties of the structure. Field emission sites are known 
to trigger the formation of so-called plasma spots in 
regions of high dc or rf surface electric fields. A single 
plasma spot has a finite lifetime (~2O-50ns) and leaves 
behind a single crater. In the rf case, some fraction of the 
electrons emitted from the spot pick up energy from the rf 
field and back-bombard the area around the spot. 
Depending on the gradient, pulse length and available rf 
energy, multiple spots can form in close proximity. The 
combined back-bombardment power density from such a 
spot cluster can be sufficient to raise the surface 
temperature to the melting point in tens of nanoseconds 
over an area on the order of 100 microns in diameter. This 
molten area can now support a plasma capable of emitting 
several kiloamperes of electrons with an average energy of 
50-lOOkV. This is sufficient beam power to collapse the 
field in a travelling structure in 30 ns or so. The plasma 
also exerts a tremendous pressure on the molten surface, 
sufficient to cause a macroscopic amount of material to 
migrate toward a region of lower surface field. Over time, 
this process can modify the profile of the iris tip and 
produce an unacceptable change in the phase shift per cell. 

FIELD EMISSION AS A TRIGGER 
FOR BREAKDOWN 

Plasma Spots 
The breakdown process begins with the formation of a 

plasma spot. In measurements on breakdown in a dc field, 
it is observed that a plasma spot forms only at a 
previously existing field emission site [1]. Some details 
concerning the formation and properties of plasma spots 
are given in [2]. A few of their properties are summarized 
here. Single dc plasma spots are usually roughly 
hemispherical in shape, although sometimes elongating 
toward a mushroom shape. A Langmuir sheath forms at 
tiie plasma-metal interface, forming a dc Child's Law 
diode that subjects the surface to an intense bombardment 
of ions from the plasma (energy = 20 eV, current density 
=10" A/m^). This power density is sufficient to raise the 
temperature of the metal surface below the spot to the 
melting point in a nanosecond or so. The molten region 
expands to a diameter of 5-20 microns during the lifetime 

of the spot (30-50ns), leaving behind a crater 'foot print'. 
The craters produced by spots in both dc and rf fields are 
remarkably similar, indicating that the physics of the 
formation and evolution of plasma spots is quite similar 
in both cases. In a dc field a single plasma spot emits an 
electron cuirent of 5-50A and an ion current 10-20% of 
this. In the following, we assume a typical dc single spot 
current of of 20A. 

Field Emission Model for Triggering Plasma Spots 
The model assumes that the probability per unit time 

for triggering the formation of a plasma spot is a fimction 
of the field emission current, IFE - exp (-C/PFEES). Here 
Es is the surface electiic field, ^ is the electiic field 
enhancement factor at the field emission site and C = 6.4 
X 10" MV/m for copper. In recent measurements on daik 
current fi-om h-aveling-wave (TW) accelerating stiuctures at 
NLCTA, values for ^^ in the range 30 - 40 have been 
obtained [3]. The field emission model next assumes that, 
with some probability, the formation of a plasma spot 
leads to a full breakdown event (defined by the collapse of 
the ti^smitted power in a TW structure). It is observed 
that the breakdown rate also follows an exponential 
dependence on l/Ej, but that the values for beta (PBR) tend 
to be about 1/2 PPE [4]. This indicates that the probability 
for triggering a plasma spot varies as Ipgl This variation 
witii cuirent makes sense if adsorbed gas molecules are 
knocked off the surface by the intense electix»n back- 
bombardment near a field emission site, and the resulting 
gas is then ionized by the field emission current. 

The probability of a breakdown per pulse at a fixed 
gradient will also be a function of pulse length. In our 
model, we assume this probability is proportional to T"", 
where T is the pulse length. Here we will take m as a 
parameter to be fit by comparison with experiment (in [5] 
a physical model for m is developed). The net breakdown 
rate is given by R = Ar"exp(-C/pBRrG), where r is the 
ratio of the surface electric field to the accelerating 
gradient. Now introduce normalized time and gradient 
variables defined by x = T(A/R)"" and g = Grp/C, giving 

g = [m ln(T)]- (1) 

This can be compared with a variation of gradient vs. 
pulse length parameterized by g = B/T°. By equating the 
values and derivatives of this expression and Eq. (1), we 
obtain 

*Work  supported by Department of  Energy   Contract  DE-AC03- 
76SF00515 n = mg (2) 
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In recent measurements at NLCTA on H90VG3 (r = 2.3), 
values of 3BR = 20 and m in the range 3 to 4 were obtained 
for gradients in the range 64 to 80 MV/m [4]. Calculating 
the exponent n at the center of this range using Eq. (2), 
we obtain n = 0.18. This can be compared with a 
measured value n = 1/6 = 0.17. 

ELECTRON MOTION IN AN RF GAP 

Particle motion in a gap between two parallel planes 
is an excellent model for the motion of electrons and ions 
emitted from a plasma spot in a low group velocity 
rectangular waveguide. The model is also better than 
might be expected for the motion of particles einitted near 
an iris tip in a disk-loaded accelerating structure. This is 
especially true for electrons that are emitted and then turn 
back to impact on the emitting surface. The low energy 
component of these back-bombarding electrons will travel 
out into the rf field by less than a millimeter. The local 
surface looks reasonably flat on this scale. 

The equations of motion (non-relativistic) for an 
electron emitted with zero velocity from a plane at y = 0 
at a phase angle 9. with respect to the crest of an rf field 
with peak value Ep are 

these back-bombarding electrons can be calculated fiom 
the slope of the trajectories at y„ = 0. 

y/X = [EM2nfy,] y„;   v/c = [EoX/27iVJ v. (3) 

where y is the distance from the emitting surface, v is the 
electron velocity, A, is the rf wavelength and V^ = mcVe = 
511 kV. The parameters y„ and v„ are a normalized 
distance and velocity given by: y„ = [cos 0. - cos (ot - 
(cot - 9,) sin 9J; v„ = [sin (Ot - sin 9J. The normalized 
trajectories for electrons emitted during the positive half of 
the rf cycle (0, = -7i/2 to +Tt/2) are plotted in Fig.l. 
Electrons emitted in the phase range 9^ = -7t/2 to 0 cross 
the rf gap and eventually hit the opposing surface, no 
matter how far away. A plane at y„ = 3, for example, 
corresponds to the distance from one iris tip to the tip of a 
neighboring iris in an 11.4 GHz, 27i/3-mode accelerating 
structure operating at a gradient on the order of 70 MV/m. 
However, the model is very crude in this case because of 
relativistic effects and the fact that the real field is far from 
uniform. Of more importance for our purpose here are the 
electrons emitted in the phase range 9„ = 0 to +7t/2. All of 
these electrons return back to impact on the emitting 
surface if the normalized gap width is greater than y„ = 2. 
Electrons emitted at 9^ = 0 venture out to y„ = 2, then 
return to skim the surface with zero velocity at cot = 2jt. 
For a very narrow gap, however, most of the electrons in 
this phase range will impact the opposing surface. As an 
example, the line at y„ = 0.11 in Fig.l corresponds to 
parameters for the "Windowtron" X-band cavity breakdown 
experiment [6] at SLAC, at a surface field of 500 MV/m 
(the gap width is 1.9 mm). Even for this narrow gap, a 
substantial fraction (about 15%) of the emitted electi-ons 
still retiim to the emitting surface to produce local heating 
near the plasma spot emitter. The velocity (and energy) of 

>.°1.5 

Figure 1: Normalized distance from the emission surface 
as a function of time for an electron emitted at at various 
phase angles in a parallel-plane rf gap. 

SURFACE HEATING NEAR A 
PLASMA SPOT 

Material Properties Related to Surface Melting 
A complicating factor in calculating the temperature 

rise produced at a metal surface by the impacting electrons 
is tile fact that tiiese electrons can penetrate a substantial 
distance into the metal for typical impact energies. TTie 
penetration depth is given by [7], 

Xp (fim) = .0276 (A/pZ''*')[V(kV)]' (4) 

where A is the atomic mass, Z is the atomic number and 
p is the density in g/cm'. The energy deposited per unit 
length is a function that rises from zero at the metal 
surface, reaches a maximum at about one-half Xp, and then 
trails off toward zero above Xp. To a first approximation, 
we can assume that the energy is deposited uniformly to 
depth Xp and is zero beyond this. As energy is being 
deposited in the region up to Xp, heat is also flowing out 
of this region following the equation for heat diffusion. 
The equation can be solved analytically for tiie temperatiire 
as a function of X and t, but for our purposes here it will 
be useful to compute the temperattire rise in two limits. 
In the heat diffusion limit, power is absorbed in a 
relatively diin region close to the surface. The diffusion 
depth as a function of time is XD(fim) = 1x10" (Dt)"' 
where D = K/pCs is tiie diffusivity in cmVsec, K is tiie 
thermal conductivity in W/cm-°C and Cj is the specific 
heat in J/gm-°C. The surface temperature rise is 

AT = (2PA/Ji"'K)(Dt)'' (5) 
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where PA is the incident power per unit area. In the second 
limit, we calculate the heating due to electrons that 
penetrate well beyond the heat diffusion depth, Xp » X,^. 
The temperature rise is 

AT = PAt/(pCsXp). (6) 

Some useful quantities for calculating material melting are 
given in Table 1. The last two columns compare the 
relative melting times in the bulk heating limit for 50 kV 
electrons, and in the diffusion limit at 30 ns. The actual 
melting times are given  by  t„. 
t„ = (7i/4PA^)T„. 

=  (1/PA)TP and by 

Table IrUseful Quantities for Calculating Surface Melting 

Metal X^at Xpat Relative Relative 
30 ns 50 kV Melt. Time Melt. Time 
(Jim) (Hm) Tpat50kV TD at 30 ns 

Cu 1.9 6.7 2.5 16 X 10* 
Au 1.9 4.0 1.0 8.3 
Mo 1.3 6.5 4.4 24 
SS* .04 7.3 4.1 1.2 
W 1.4 2.1 1.8 38 
Ta 0.8 4.5 3.1 11 
Nb 0.8 7.5 4.2 7.2 

*304 stainless steel 

Surface Temperature Rise 
The next step in the model is to calculate the temperature 
rise due to electron back-bombardment in the region of the 
plasma spot during a typical spot lifetime of 30 ns. We 
compare the temperature rise for a copper surface in the 
two hmits discussed above: diffusive heating from low 
energy electrons that penetrate less than the diffusion 
depth, and bulk heating from higher energy electrons that 
penetrate deeper than the diffusion depth. Details of the 
calculation are given in an expanded version of this paper 
[5]. We assume a surface field of 150 MV/m at 11.4 GHz. 
For a typical plasma spot that emits 10 A of electrons 
during the positive half of the rf cycle, about 6 kW is 
absorbed in the 2 micron diffusion depth at 30 ns. We also 
need to know the spot area. Based on an estimate of the 
transverse velocity component of electrons emitted from 
the plasma we calculate an impact area of about 
3x10"* cm^, giving a power per unit area of about 
2 X 10^ W/cm^ Puting this value for P^ in Eq. (5) along 
with values of D and K for copper, we calculate a 
temperature rise of about 1000°C at 30 ns. The deeply 
penetrating back-bombarding electrons have an average 
energy of about 50kV and penetrate to an average depth of 
about 7 fim. The total power extracted from the rf field for 
these electrons is estimated to be about 400 kW. However 
they travel, on the average, several iris tip diameters away 
fi-om the emission point and will return to the surface over 

a much larger area. A crude estimate gives PA = 4 x 10' 
W/cml Equation (6) then gives a temperaUire rise of 
about 500°C. 

We conclude that, in a surface field of 150 MV/m, a 
single plasma spot can raise the temperature of a copper 
surface close to the melting point in 30 ns over a region 
100-200 urn in diameter. 

DISCUSSION 

In the model presented above, it was shown that 
electron back-bombardment can produce substantial 
heating in the area around a single plasma spot. 
However, on all surfaces that have been exposed to high 
surface fields, a multitude of single craters (footprints of 
plasma spots) are observed with no evidence of surface 
melting in the surrounding area. This implies that, to 
produce such melting, a number of plasma spots must be 
present at the same time within an area on the order of 
1 x 10" nm^. In [5] it is shown how this might happen 
through the phenomenon of crater clustering. Once this 
area has been raised to perhaps twice the melting point (to 
produce a substantial vapor pressure), we propose that the 
plasma spots responsible for the melting then coalesce to 
form a plasma 'cloud' extending over the liquid region. In 
simulations, Dolgashev [8] has shown that this 
macroscopic plasma layer is capable of emitting 
kiloamperes of electrons and tens of amperes of ions. A 
full breakdown event then follows the formation of this 
plasma. 
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TRIUMFISAC RF SYSTEM IMPROVEMENTS 
AFTER 2 YEARS OF OPERATIONAL EXPERIENCE 

I. Bylinskif, Z. Ang, S. Fang, K. Fong, R. Kumaran, J. Lu, R. Poirier, 
TRIUMF, 4004 Wesbrook Mall, Vancouver, Canada 

Abstract 
The TRIUMF ISAC accelerator has been successfully 

operating since spring 2001 with very little downtime. 
The machine comprises 16 independent RF systems 
including a 35 MHz RFQ, a 106 MHz DTL and several 
sub-harmonic choppers and bunchers. The post stripper 
DTL enables fully variable output energy up to 1.5 
MeV/u for rare isotopes with A/q<6 in cw mode. This sets 
rather stringent requirements for the RF system as a whole 
and the RF controls in particular. A new RF phase 
measuring system has been commissioned, which together 
with other modifications has improved machine 
tunability. During initial operation the DTL frequency 
tuners and power couplers showed some problems, which 
could affect the machine reliability. Modifications to 
these components together with additional diagnostics 
have solved these problems. In this paper we will describe 
the overall operation of the RF system and present details 
of the modifications. 

INTRODUCTION 
The first stage of a radioactive beam facility at 

TRIUMF, ISAC-1, was commissioned in 2001 and is 
routinely producing a variety of beams to low and high 
energy experiments [1]. The accelerator consists of a 
35.36 MHz RFQ, which accelerates beams of A/q < 30 
from 2 keV/u to 153 keV/u, and a post stripper, 106 MHz 
variable energy drift tube linac (DTL) [2], comprising 5 
interdigital-H accelerating and 3 split-ring bunching 
cavities to accelerate ions of 3 < A/q < 6 to a final energy 
between 0.153 to 1.53 MeV/u. A multi harmonic pre- 
buncher is part of the low energy beam transport (LEBT) 
section. The 106 MHz bunch rotator used for focussing, 
the dual frequency (5.89 and 11.8 MHz) chopper for 85 ns 
and 170 ns pulse separation, and the 35 MHz rebuncher 
for DTL matching are the rf structures which constitute 
the medium energy beam transport (MEET). The high 
energy beam transport (HEBT) section consists of 11.8 
MHz, low-p and a 35 MHz, high-p bunchers, which are 
required to maintain a good longitudinal emittance. The rf 
structures' parameters and commissioning details are 
reported elsewhere [3]. 

RESONATORS 
Most of the rf structures have been reliably operated 

since commission with minor maintenance interventions. 
For example, the RFQ structure required a high power 
pulse conditioning twice a year to reduce the build up of 
dark currents. At the same time a lot of effort was 

dedicated to the reliable operation of DTL rf amplifiers, 
couplers, tuners, problem troubleshooting and upgrades. 
Once a year all the DTL cavities were opened for 
inspection and assessed for problem. In the DTL tanks #3 
and #4, soldering flux patches were observed around the 
nose cones (see Figure 1). This was traced to be a 
manufacturing defect, when the flux residuals were 
trapped in a pocket behind the nose cone and then came 
out during rf conditioning. Evaporating flux contaminated 
some critical rf surfaces, including rf coupler window, 
which eventually overheated and broke. A few attempts 
were required to clean off the flux residuals from the tank 
surface. 

* bylinsky@triumf.ca 

Figure 1. Soldering flux patch in DTL tank #4 

In the beginning we also faced many interruptions 
caused by spurious vacuum interlock trips. Replacement 
of ion gauges, installation of screening grids and 
distancing the ion gauge from the cavity volume by means 
of extension pipes 200 mm long and 25 mm in diameter 
did not solve the problem. On the assumption that the 
problem was caused by a penetration of charged particles 
ionised and accelerated in the presence of an rf field, 
extension elbows were installed for all DTL ion gauges 
and the problem disappeared. 

RF couplers 
RFQ 150 kW coupler gave us troubles in the beginning 

due to uneven rf field gradient along a ceramic window, 
which eventually led to a ceramics overheating. Improved 
design incorporated cylindrical screening electrodes, 
which cured the problem. Smaller type (30kW) coupler, 
installed in most of the other rf cavities (11 units), did not 
suit such a modification. Over 2 years we had to replace 6 
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of those. In DTL buncher #2 a silver alloy evaporated 
from the coupUng loop soldering joint (see Figure 2) and 
coated all the surfaces around including the ceramics (see 
Figure 3). Three other couplers failed in DTL tank #5 due 
to overheating, showing darkened ceramics with 
dramatically degraded isolation properties (DC resistivity 
dropped from few MOhm down to ~ 30 kOhm). 

•^»«j^ 

Figure 2. Buncher #2 coupling loop with a failed 
soldering joint. 

Figure 3. Buncher #2 coupler - silver spattered. 

Test studies brought us to a conclusion that in most 
cases coupler coating is triggered by a secondary electron 
emission discharge (multipactoring). In DTL tank #5, for 
instance, it happened during abnormal operation of an 
automatic starting procedure. After its rf controls 
operational parameters were readjusted the failure never 
happened again. To reduce the coupler failure risk some 
other preventive measures were taken: 

• All coupling loops were copper plated to eliminate 
the soldering alloy exposure to the rf field. 

• All couplers were equipped with Omega OS36 
infrared thermocouples, which are pointed on the 
ceramic window. 

• High standing wave (VSWR) protection was 
introduced into rf controls . 

An easy and economical restorative solution has been 
found for the degraded couplers. It involves an abrasive 
removal of the coating by means of a sand blaster. With 
this procedure 4 malfunctioning couplers were rebuilt to 
their original specifications. In future we plan to 
incorporate a multipactor sensor into coupler design. 

Frequency tuners 

All DTL systems use capacitive tuners driven by 
identical drives. The weakest point of this drive appeared 
to be the rf fmgerstock contacts between the moving 
copper shaft and a ground housing. Inspection has shown 
almost all shafts being severely scratched with deep cuts. 
The most damaged MEET rebuncher tuner shaft is shown 
in Figure 4. 

Figure 4. Damaged MEBT rebuncher tuner shaft 

The reason for this failure is a constantly moving tuner, 
which operates in a feedback loop for frequency 
regulation. The fingerstock cannot stand that heavy load. 
Operating in vacuum without lubrication they get worn 
and start scratching the copper shaft. These contacts serve 
to shield a stainless steel bellow from rf currents, which 
could result in excessive heat on the bellow. An extensive 
design review and bench tests were undertaken, which led 
us to the conclusion that the fmgerstock could be removed 
without causing excessive heat on the bellows. Bench 
tests showed that 25 W dissipated power caused a bellow 
temperature rise of up to 100°C without cooling, while 
application of air cooling allowed 100 W power 
dissipation with a moderate 40°C temperature rise. Full- 
scale test on DTL tank #5 confirmed our optimistic 
assumptions regarding operating the tuner without 
fingerstock. At a 20 kW power level the bellow 
temperature rose only by 6°C even without air-cooling. 
Following this positive outcome, we removed the 
fingerstocks    from    all    DTL    operational    tuners. 
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Subsequently all the modified tuners were equipped with 
thermocouples to ensure our control over bellow 
temperature. A few months of operation didn't show any 
noticeable degradation in system performance. 

RF CONTROLS 
Linac variable energy capability requires an amplifier 

operational range of 5 - 100% of output power. The DTL 
amplifier's phase shift is dependant on the output power 
and exceeded 45° for the full dynamic range. Since the 
frequency tuning control is achieved by monitoring the 
tank rf phase, this phase deviation caused intolerable 
detuning with power variation. Implementing of a phase 
compensation circuit, which uses amplifier output sample 
voltage to modulate the input signal phase, reduced the 
phase shift down to 5°. 

Upgrade work has been done on the input circuits of the 
control modules in order to increase stability and reduce rf 
interference between subsystems. We have also 
completed the installation of all VSWR protection circuits 
in all the control modules. 

All rf control computers have been upgraded from 
embedded Intel-486 processors to rack-mounted AMD K- 
7 processors and VXIIEEE-1394 slot 0 controllers, with 
increased RAM and hard drive capacities. Their firmware 
and software were upgraded for better flexibility, 
performance, and reliability. The DSPs are fitted with 
flash EEPROMs that enable their firmware to be 
upgraded remotely. The ADCs in the VXI mainfi-ames 
are now cycled by separate threads, with better 
performance in the rate of data update. 

Phase measuring system 
An auxiliary phase measuring system has been 

developed for the ISAC rf system. It provides precise 
phase difference measurements between the reference rf 
source and each individual rf device. The need for this 
system comes from the operation of a multi-cavity 
variable energy linear accelerator, which dictates very 
high tolerance (fraction of a degree) for rf phase stability 
and reproducibility. The setup includes a frequency 
synthesizer, an rf switcher and a Hewlett Packard vector 
voltmeter. The synthesizer is driven by a 5.89 MHz ISAC 
rf controls reference signal and provides all ISAC rf 
system harmonics: 5.89, 11.78, 23.57, 35.36, 106.08 MHz 
with a very good stability (0.2°) with respect to the 
reference signal. Rf MUX connects voltmeter to the 
desirable rf cavity and corresponding frequency multiple 
harmonics fi-om the synthesizer. MACOM SW221 rf 
switches provide 100% reproducible connection and -75 
dB isolation between channels. Vector voltmeter 
measures amplitudes and phase difference between 2 rf 
signals of the same frequency. Voltmeter phase resolution 
is about 0.1°. All the rf signals are canalized through 
semi-rigid phase stable cables in order to reduce 
temperature dependence and dielectric aging effect. All 
hardware was tested and calibrated. An EPICS based 
control system for this device is being commissioned. In 

the manual mode this system has already helped us in the 
troubleshooting of beam instabilities. 

AMPLIFIERS 
All the DTL rf systems are energized by identical 106 

MHz amplifiers based on an EIMAC 4CW25000B teti-ode 
as the final amplifier. Last year most of tubes had reached 
10000 hours of operation and a substantial degradation in 
their performance was observed. One tube showed a grid 
to cathode short, a filament burnt in another one, and 4 
more aged, providing low cathode emission. Five tubes 
out of 8 tubes in operation had to be replaced. This 
tiiggered a detailed investigation on the tube performance. 
Two major conclusions were derived as a result. 

• Hairpin filament structure in a tube of different 
type 4CW25000A is almost insensitive to thermal 
deformation, while the tube is warming up, 
compared to the mesh filament stincture 
(4CW25000B). So application of a type-A tube 
dramatically cuts down the downtime for system 
conditioning and reduces the probability of a 
thermal grid-to-filament short circuit. 

• Most of the tubes were running at slightly 
increased filament voltage, which is good for tube 
conditioning but not for operation. The supplier 
claims a 15% reduction in filament voltage should 
double the tube lifetime. 

Based on these findings we decided to gradually replace 
all B-type tubes in use to A-type tubes. Also, all filament 
ti-ansformers were replaced with new ones with proper 
voltage taps and all filament operational voltages were 
reduced by 15% from the nominal values. 

Annoying problems were experienced with anplifier 
screen power supplies. These were commercial switching 
regulators and their designs were prone to RF interference 
and were unable to handle ti-ansient loads. These had 
resulted in many spurious amplifier trips. All these power 
supplies have been replaced with unregulated ones that 
are more immune to RF interference. 

CONCLUSION 
The extensive study and upgrade activities performed 

for the key rf system elements allowed high machine 
availability (above 90%) and ensure an in^roved 
reliabiUty for the future. 
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RF ACCELERATING SYSTEM AT HIRFL-CSR MAIN RING 

Wenzhi Zhang, Zhe Xu, Xiaodong Yang, Hongwei Zhao, Wenlong Zhan 
Institute of Modem Physics, Chinese Academy of Sciences, Lanzhou 73000 China 

Abstract 

A heavy ion cooler-storage ring HIRFL-CSR'"' has 
being constructed at IMP. It consists of a main ring 
(CSRm) and an experimental ring (CSRe). Two RF 
cavities will be employed for CSRm. One is for beam 
acceleration, and another is for beam RF stacking. The 
accelerating cavity is designed to accelerate the beam 
from 10-50MeV/u to 400-900MeV/u with harmonic 
number h=l. The peak RF voltage is S.OkV and frequency 
range is from 0.25 MHz to 1.7 MHz. The RF stacking 
cavity with maximum voltage amplitude of 20kV and 
tunable frequency range 6.0-14.0 MHz is used to capture 
the injected bunches from injector SSC (or SFC) and to 
accimiulate the beam to high intensity by RF stacking 
method. In the present paper, the measured RF parameters 
and the details of hardware for the RF accelerating system 
are described. 

MAYN RF ACCELERATION 
PARAMETERS 

The specifications for RF acceleration system of CSRm 
ring are shown in Table 1. 

Table 1: RF Accelerating parameters 
Injection Energy 10-25 MeV/u 
Acceleration energy 900 MeV/u 
Momentum spread at injection <+0.15% 
Harmonic Number 1 
Acceleration frequency 0.25-1.7 MHz 
Maximum RF acceleration voltage 8.0 kV 

The Lowest injection energy is 10 MeV/u for ^^^Jj'^^* 
ions among various ions from the injector SSC (or SFC), 
corresponding to the revolution frequency 0.25 MHz. At 
the top energy of 900 MeV/u for '^C**, the revolution 
frequency is 1.7 MHz. The harmonic number 1 will be 
employed to accelerate the ions thus the RF frequency 
should cover the frequency range from 0.25 MHz to 1.7 
MHz. The Maximum acceleration voltage of 8.0 kV is 
needed for the beam acceleration with +0.15% 
momentum spread within acceleration period of 3.0s. 

RF CAVITY 

The RF cavity has a single-accelerating-gap structure, 
which consists of two ferrite-loaded quarter-wave coaxial 
resonators (Fig. 1). 

We selected the ferrite material 600HH for cavity. The 
dimension of ferrite rings is 480mm in outer-diameter. 

300 mm in inner-diameter and 20 mm in thickness. The 
ferrite rings are assembled in 4 stacks, 2 stacks for each of 
the two halves. Totally, 80 pieces of ferrite disks are 
stacked in whole cavity. Two bias windings had be made, 
one for two stacks of the cavity. Every winding will have 
12 sections, 8 turns in each section. Ends of each turn go 
outside the cavity wall and are accessible. It is possible to 
connect the turns in series, in parallel or mixed 
connection depending on available power supply for 
biasing of for other consideration. The magnetic 
permeability can be varied from 600 to 12. There is a 
margin of 20% for biasing current to compensate for 
temperature and other instabilities. Maximum value of RF 
voltage at the winding is lower than 2.5 kV. 

The space between electrical conductors of the cavity is 
filled with silicon hermetic of VIKSINT type. It provides 
mechanical and electrical stability, better conditions for 
cooling, and excellent insulation of elements at a high RF 
electric field. 

Fig.l HIRFL-CSR Main ring accelerating cavity 

LOW LEVERL RF SYSTEM 
The low-level RF electronic system is composed of a 

Direct Digital Synthesizer (DDS) as the master oscillator 
and several feedback loops (Fig.2). Three memory 
modules store the ramping data: frequency, acceleration 
voltage and bias current as functions of bending-magnet 
field strength. These pre-set data are put into the DDS, 
magnitude modulation and bias current power supply 
respectively. The bias current error obtained from RF 
signal phase detector which get the deviate of the RF 
cavity by comparing the plate's and the grid's sampling 
signal will be used to correct the deviation of the cavity 
through the auto frequency control (AFC). 
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Fig.2 Block Diagram of RF control system for CSR Main Ring accelerating cavity 

RF signal control unit is developed as PCI bus based 
modules. All these modules are independent sub-system, 
which have their own MCU. 

DDS Circuit 

The RF signal process applys the advanced DDS plan. 
The AD's AD9832 is functioned with the 16BIT 
processor in parallel connect mode to achieve high 
synthesis updating of signal. The local control processor 
sends data to DDS chip to release the RF signal. At mean 
time DDS receives the information from the control 
system to adjust the outputting frequency. 

Phase Loop 

Phase loop is used to compensate the deviation 
between the DDS and cavity voltage, achieving phase 
lock among RF cavity voltage and cavity voltage phase. 
All sample signals serving above units come from one 
identical detector; each of them has its own isolator to 
proof interference. 

Bias Current Control Loop 

The signal of V/F converted from the DDS synthesis's 
RF signal or the signal of D/A converted directly from 
digital data applying to DDS input is put to FREQ/RES 
adjusting imit to control the bios current. The offset value 
from MCU and the signal from phase discriminating 
between the cavity voltage and grid of the final stage 
power amplifier are also fed into this unit. The 
FREQ/RES correction must be a real time analogy circuit 
to dynamically tune the cavity. The signals after FA^ 
converter that represents the changing of the frequency 
add one from the phase discriminator. The sum is put 

into the bios current driver to control the saturation of the 
ferrite so as to tune the cavity. 

MCU/DAC 's data compensates the nonlinear relation 
between the bios current and the permit of the ferrite and 
offsets the bios current's initializing value. 

RF Frequency Control Loop 

RF system requires frequency resolution be less than 
lOOHz, frequency stability less than 10"^ thus requires non 
less than 16Bits control word and less than lus update 
rate of frequency sweeping. The digital dividing PLL may 
meet the requirement, but it update speed is determined 
by the frequency resolution. The fact is that the higher the 
frequency resolution the lower the updating speed. This is 
determined by the LPF of the PLL loop. Furthermore at 
high dividing rate 1/N requiring by large frequency range, 
the loop gain drops to 1/N to damage the loop stability, at 
this situation the high stability power supply is needed to 
meet the critical requirement. The advanced DDS tech 
can resolve this problem. 

Applying 16Bit/32Bit MCU or PLD to control the 
DDS RF signal processing circuit to attain high speed and 
real time control. 16Bit of amplitude data are also applied 
to amplitode modulation tmit, which also serves as 
amplitude stability control to achieve 10"^-10"'rates. The 
bios current data supplying by MCU are converted by DA 
to feed into the bios current power supply which actuating 
the coil. Bios current error derived from the deviation of 
cavity's resonance and DDS frequency tunes the cavity 
through AFC. MCU connected with PCI bus receives the 
control word. All DAC and ADC are high-speed products. 

1289 



Proceedings of the 2003 Particle Accelerator Conference 

The connection between the RF and CSR control bus 
applies PCI function module and particular parameter and 
timing network. 

TESTING RESULTS 

The acceptance testing had been made according to 

operating cycle of    C ^ being accelerated from 25 to 

900 MeV/u and ^^'f/'^"' from 10 to 450MeV/u. The 
maximum RF voltage of 8.25 kV had been obtained in the 
designed frequency range of 0.25 - 1.7MHz. 
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MICROPHONICS MEASUREMENTS IN SRF CAVITIES FOR RIA 

M.P. Kelly, K.W. Shepard, M. Kedzie, J.D. Fuerst, S. Sharamentov 
ANL, Argonne, IL, 60439, USA 

J. Delayen 
Thomas Jefferson National Accelerator Facility (JLAB) 

Abstract 
Phase stabilization of the RIA drift tube cavities in the 

presence of microphonics will be a key issue for RIA. 
Due to the relatively low beam currents (<0.5 pmA) 
required for the RIA driver, microphonics will impact the 
rf power required to control the cavity fields. 
Microphonics measurements on the ANL p=0.4 single 
spoke cavity and on the ANL p=0.4 two-cell spoke cavity 
have been performed many at high fields and using a new 
"cavity resonance monitor" device developed in 
collaboration with JLAB. Tests on a cold two-cell spoke 
are the first ever on a multi-cell spoke geometry. The 
design is essentially a production model with an integral 
stainless steel housing to hold the liquid helium bath. 

INTRODUCTION 
The 400 superconducting (SC) cavities needed for the 

RIA driver linac[l] and spanning the velocity range 
0.02< p<0.84 will require a method for compensating for 
the rf eigenfrequency shifts induced by microphonics. A 
solution for cavities with frequencies up to 97 Mhz has 
operated for years in the form of the VCX (Voltage 
Controlled Reactance). Another established technique 
overcouples to the cavity using the rf drive probe and uses 
negative phase feedback to control the cavity fields[2]. 
Recent results from DESY using a fast piezoelectric 
tuner[3] suggest that the effects of microphonics may be 
compensated for without detuning the cavity, possibly 
resulting in much reduced rf power requirements. 

These tests represent the first microphonics 
measurements on a realistic production model RIA drift- 
tube cavity. Two-spoke tests were performed horizontally 
with separate cavity and insulating vacuum spaces, a fully 
integrated stainless steel jacket for the helium bath and a 
variable rf power coupler. An understanding of 
microphonics will be crucial for the proper choice of slow 
and fast tuner design. 

RF INSTRUMENTATION 
Microphonics in the single-cell p=0.4 spoke cavity and 

the two-cell spoke cavity have been measured using two 
techniques based on largely independent sets of 
electronics. One method uses a standard phase-locked 
loop (PLL) circuit where the phase of an external signal 
generator is locked in quadrature to the cavity rf phase by 
means of a feedback or "error" signal. In the second 
method the cavity is run in a self excited loop and the 
cavity rf frequency is compared directly to that of a low 

noise external generator using a device developed 
together with JLAB and referred to as a cavity resonance 
monitor[4] (CRM). 

It is critical that such measurements be performed with 
a low phase noise signal generator since noise in the 
generator is difficult to distinguish from microphonics. 
Measurements here were performed with an Agilent 
8665B in low noise mode and having less than 1 Hz rms 
frequency jitter for modulation frequencies in the range of 
interest. All results here are for the cavities in cw 
operation, though the CRM may be used during pulsed 
operation since it is designed to be insensitive to the input 
signal amplitudes. 

MEASUREMENTS 
Probability densities for rf eigenfrequency shifts are 

shown in Figure 1. for the two-cell spoke cavity at T=4.2 
K and EACC=1 MV/m. Each data set contains 100 seconds 
of data. Measurements were first performed based on the 
phase-locked loop (PLL) error signal and then for 
comparison performed 5 minutes later using the cavity 
resonance monitor (CRM). Consistently good agreement 
between the PLL and CRM measurements is seen. The 
rms frequency jitter shown here at low field levels is 2.8 
Hz. 

0 10 20 
A Frequency (Hz) 

Figure L Two methods for measuring rf eigenfrequency 
shifts (see text) in the two-cell spoke cavity due to 
microphonics. 

The present baseline design for the RIA driver linac 
calls for operation of the drift-tube cavities at a peak 
surface electric field 21 MV/m. This corresponds to 6 
MV/m accelerating field in the two-cell spoke cavity. 
Measurements of microphonics levels in the two-cell 
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spoke cavity have been performed at fields equal to and 
above this design value. 

Figure 2. compares a low field measurement together 
with a measurement performed at an accelerating field of 
EACC=7 MV/m. The input rf power for the two cases is 
300 mWatts and 15 Watts respectively. The increase in 
eigenfrequency excursions by roughly a factor of two for 
the high-field case is due mostly to low frequency 
vibrations below about 15 Hertz and may be related to 
heat dissipation in the heliimi bath. 

E...=7 MV/m 

"-20 -10 20 0 10 
A Frequency (Hz) 

Figure 2. Probability density for double spoke 
eigenfrequency deviations for cw operation at EACC=7 

MV/m (broad curve) and EACC=1 MV/m (narrow curve). 

The Fourier spectrum of the error signal for the data 
where EACC=7 MV/m is shown in Figure 3. The x-axis 
gives the cavity vibration frequency while the y-axis gives 
the peak fi-equency shift in the cavity resonant frequency 
due to cavity vibrations. 

0.8- 
I   •   I   ■   I   ■   I   '   I   ■   I   '   I   '   I   '   I 

595 Hz 

Llj.utfJ.ljA-J...j , '      '--- 
100 200 300 400 500 600 700 800 9001000 

Vibration Frequency (Hz) 

Figure 3 . Frequency spectrum for vibrations in the two- 
cell spoke cavity running cw at EACC=7 MV/m. 

The peak in Figure 3. at a vibrational frequency of 595 
Hz represents the largest contribution to eigenfrequency 
shifts due to excitation of a natural mechanical mode of 
the cavity, however, it contributes less than 0.5 Hz rms to 
the 5 Hz rms total shake. This compares favorably 
elliptical-cell structures even when structurally reinforced 

which typically still have mechanical modes lying well 
below those observed here. Further analysis of the natural 
cavity modes using accelerometer measurements and 
additional finite element analysis calculations is being 
performed. 

Based on measurements like those shown in Figure 3. 
most of the remainder of the 5 Hz rms cavity shake at 
EACC=7 MV/m is due to relatively low fi-equency 
oscillations likely from the coupling of pressure changes 
in the helium bath to the cavity rf eigenfrequency. The 
dominance of low frequency (helium) vibrations is clearly 
demonstrated in Figure 4. which shows the integrated 
total vibration below a given vibrational fi-equency*. The 
curve has been normalized to unity for high vibrational 
frequencies. Clearly 95% of the total amplitude for 
eigenfrequency excursions is due to vibrations at 
frequencies below 15 Hz. The two-cell spoke cavity 
sensitivity to pressure changes in the heliimi bath has been 
measured to be +65 Hz/Torr so that the corresponding 
pressure changes in the heliimi bath giving rise to the 5 
Hz rms shake are likely of the order of 10-100 mTorr. 
Additional measurements to measure the bath pressiu-e 
fluctuations directly will be performed. 

10 20 30 40 50 
Vibration Frequency f^^ in Hertz 

Figure 4 Fractional contribution to the total cavity shake 
from vibrations at and below the frequency fn,. The inset 
shows the same curve extended to vibrational frequencies 
up to 1 kHz. The result is based on the same data as used 
for Figure 3. 

Measurements of the static field Lorentz detuning of 
the single-cell and two-cell spoke cavities have also been 
measured as a function of accelerating field gradient as 
shown Figure 5. Measurements for the spoke cavities 
were performed with all ports unconstrained and give 
detuning coefficients of-2 and -3.5 Hz/QAV/mf for the 
double and single-cell cavities respectively. This indicates 
that the spoke geometry is roughly an order of magnitude 
more rigid with respect to Lorentz detuning than a typical 
unconstrained elliptical cell structure constructed from 
similar thin wall niobium. 

Note that Figure 3. is an amplitude spectrum and must be converted to 
a power spectrum before integration. 
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The lower detuning coefficient for the two-cell cavity 
compared to the single spoke is probably due to the added 
stiffness of the stainless steel jacket in the former. A given 
amount of deformation in the end wall of the two-cell 
cavity will also tend to shift the frequency less than in the 
single spoke cavity because of the relatively higher stored 
energy. The single spoke is a bare niobium cavity. Indeed, 
the frequency shifts induced in the two cavities from 
pressure changes in the helium reservoir (AfAp) also 
differ by a factor of two although the shifts are in opposite 
directions. The values are +55 kHz/atm. and -120 
kHz/atm. for the double and single spoke cavities 
respectively. The difference arises primarily from the 
different reinforcements on the cavity end walls. 

-4.90 Hz/(MV/m) •  Double Spoke 
X   Single Spoke 

-150, -L 
40 10 20 30 

E^cc (MV/mf 

Figure 5 Static field Lorentz force detuning for the single 
spoke cavity (crosses) and the two-cell spoke cavity 
(circles) as a flmction of the square of the accelerating 
gradient. All ports are unconstrained. 

DISCUSSION 
The two-cell spoke resonator forms a section of the 

baseline RIA driver linac where beam loading 
requirements will already require fairly large rf amplifers. 
For example, assuming the two-cell spoke is operating at 
EACC=7 MV/m and with an effective accelerating length 
of 39 cm then each cavity provides nearly 3 MV of 
accelerating potential. The RIA driver baseline proposal 
calls for 0.5 mA of protons implying beam loading of 
roughly 1.4 kW per cavity. 

Beam loading power may be compared to the 
additional amount of rf power required to control the 
cavity fields by overcoupling and assuming the same 
microphonics levels observed here. An estimate of that 

power is given by the expression P = 5co.U, where 5a) is 
the required tuning window and U is the stored energy of 
the cavity at the operating field. Assuming CTRMS= 5 Hz 
and allowing a window of 5© = 6 x CTRMS then the power 
required required for phase stabilization is roughly 1.4 
kW based on the measured cavity stored energy of 
Uo=0.146 J at EACC=1 MV/m. In this case rf power 
requirement needed to compensate for microphonics 
would roughly double that needed due to beam loading 
alone. 

It is likely that a fiirther reduction in the cavity 
frequency response to pressure will be achieved through 
fairly minor design revisions. Even for the present case it 
will be possible to phase stabilize the cavity fields with 
presently available rf power of several kilowatts. Such 
tests will be performed shortly. 

CONCLUSION 
Microphonics tests on the first multi-cell spoke 

geometry have been performed in a realistic accelerator 
conditions on a two-cell spoke cavity with full helium 
jacket and movable coupler all in a horizontal test 
cryostat. Results show that the spoke geometry is rigid 
with respect to microphonics showing only 5 Hz rms 
shake at an accelerating field of EACC=7 MV/m. 
Vibrations of the natural mechanical modes contribute 
very little to the shake which is due mostly to low 
frequency pressiu-e changes in the helium bath. 
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SUPERCONDUCTING 345 MHZ TWO-SPOKE CAVITY FOR RIA 
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E. Peterson, Advanced Energy Systems 

Abstract 
This paper reports development of a two-cell 345 

MHz spoke-loaded superconducting cavity intended for 
the U.S. RIA Project driver linac. The 3 cm aperture 
cavity has a useful velocity range 0.3c < v < 0.6c. In 
initial tests at 4 K the prototype cavity operated cw at 
peak surface electric fields as high as 40 MV/m, and with 
20 Watts of rf input power provides 3 MV of effective 
total accelerating voltage. As constructed, the niobium 
cavity shell was fully housed in an integral stainless-steel 
helium vessel using pure copper braze joints at the 
niobium to stainless-steel transitions. 

1 INTRODUCTION 
A superconducting (SC) multi-ion driver linac for the 

RIA project will consist of nearly 400 SC cavities of 
several types which span the velocity range 0.02< p<0.84. 
This paper reports the first cold test results on one of these 
cavities, a fiiUy jacketed two-cell spoke cavity with 
geometric p=0.4. This represents the first test of a multi- 
cell spoke cavity and continues the development of spoke 
cavities that began with 350 MHz single-spoke cavities of 
P=0.29 and p=0.4 successfully tested at ANL 
previously[l-3] 

Figure 1: Cut away view of a 345 MHz two-cell spoke 
cavity. The niobium housing diameter is 48 cm and the 
active length is 39 cm. 

2 FABRICATION 
The major niobium components of the two-cell spoke 

resonator were formed from 3 mm RRR=250 niobium 

sheet. The transverse spoke elements were die formed in 
halves (Advanced Energy Systems). The niobium housing 
was rolled from flat 3 mm sheet. The spherical end walls 
were die-formed and then stiffened with 12 radial gussets 
cut from 6.25 mm niobium sheet. The dies constructed 
would be entirely suited for a production run. Existing 
dies for the two-cell spoke cavity are suitable for mass 
production for RIA. 

The integral stainless steel helium jacket, shown 
partially cut away in Figure 1, was rolled from 3mm sheet 
while the end walls were machined from plate stock. 
Liquid helium can circulate in the annular space, of about 
'/2 inch, between the niobium cavity and the stainless steel 
jacket. A niobium to stainless steel transition, using a pure 
copper braze, was used for the two axial beam ports, of 3 
cm diameter, and the three radial coupling ports, of 5.08 
cm diameter. 

Figure 2: Three pieces of the two-cell spoke cavity after 
receiving a heavy electropolish. 

3 CAVITY TESTING 

3.1 Surface Processing 
The cavity has no access ports sufficiently large to 

permit electropolishing of the completed cavity. To 
enable adequate surface processing while minimizing 
surface roughness, the niobium elements of the cavity as 
shown in Fig. 2 were initially processed just prior to the 
final closure EB welds by a heavy electropolishing which 
removed 100-150 microns of niobium. The completed 
cavity was then finally processed by a light, -10 micron, 
chemical polish in a solution of 1:1:2 BCP at T = 15 C to 
remove possible weld residue. This technique greatly 
reduces the surface roughness that would result from a 
heavy BCP alone. Following the BCP, the cavity was 
rinsed and filled with clean deionized water. 

The ANL high-pressure rinsing system, consisting of a 
high-pressure pump and an automated spray wand, was 
used to remove particulates from the interior cavity 
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surface prior to final assembly into a test cryostat. The 
rinsing system supplied 15 liters per minute of ultrapure 
deionized water through eight 6.1 mm diameter jets at a 
nozzle pressure of 115 bar. The cavity was rinsed for 80 
minutes in a curtained clean room while moving the spray 
wand in and out along the beam axis several times. 

3.2 Clean Assembly 
A horizontal test cryostat was built for the two-cell 

cavity incorporating the following features: 

• A cleanable, low-particulate, variable 7 kW rf 
coupler. 

• Clean room assembly of the cavity and rf 
coupler, the cavity vacuum being sealed prior to 
installation into the cryostat (See Figure 4.) 

• Separate cavity and cryogenic vacuum spaces to 
maintain cavity cleanliness 

• A dedicated connection to the existing ATLAS 
He refrigeration system which enables long-term 
tests 

Calculated Measured 
frequency 347.072 MHz 347.623 MHz 

Active Length = - 39 cm 
BGMIH = 0.393 0.393 
QRs = 71 - 
u„* = 151 mJ 147 mJ 

E*peak = 3.47 MV/m - 

B*„eak= 69 G - 
*At an accelerating field of 1 MV/m 

fields of Ea=l 1.5 MV/m were reached as shown in Figure 
3., which correspond to a peak surface electric field of 
Epeak=40 MV/m. RF parameters for the two-cell spoke 
cavity are shown in Table L 

Electron loading was observed first at accelerating 
fields around 5 MV/m as evidenced by x-ray emission, 
but was reduced by conditioning for with short duration 
(~10 ms) high-power pulses and with the cavity strongly 
overcoupled. After several hours of conditioning, no 
further reduction of electron loading could be obtained. 

• A 7 kW cw 345 MHz rf power source which 
enables pulse-conditioning and also overcoupling 
to maintain phase control in the presence of 
microphonic- induced frequency fluctuations. 

3.3 Cold Tests 
Tests following the first cooldown to 4.2 K were 

performed with up to 5.5 kW of rf power for pulse 
conditioning of surface emitters at the higher fields. The 
observed Q for low fields was «1.3x10' corresponding to 
a residual surface resistance Rs of 17 nQ. BCS resistivity 
contributes 38 nQat this frequency and temperature. 
Following rf pulse conditioning, stable cw accelerating 

le+IOp- 

1e+09 - 

Q 

1e+08r- 

^"^^'^O     1    2    3    4    5    6    7    8    9   10   11   12 
EACc(MV/m) 

Figure 3: The first cold test results of a two-cell spoke 
cavity at 4.2 K following high-pressure rinse, clean 
assembly and hish-oower rf Dulse conditioning 

Figure 4: Clean room assembly of a horizontal test 
cryostat for the two-cell spoke cavity. The system 
incorporates separate cavity and cryostat vacuum 
systems to enhance cleanliness. 
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Figure 5: The horizontal test cryostat for the to-cell spoke 
cavity with separate vacuum systems for the cavity interior 
and the cryogenic insulating vacuum 

3.4 Horizontal Test Cryostat 
The present series of tests represent the first tests of a 

fully-featured SC drift-tube cavity suitable for the RIA 
linac operated on a refrigerator in a realistic accelerator 
environment. The two-cell cavity has been tested oriented 
horizontally as shown in Figure 5. and uses a stainless 
steel jacket fully integrated with the niobium cavity to 
house the liquid helium bath. A movable high-power rf 

coupler was assembled in a clean room together with the 
cavity and is an integral part of the separate cryostat and 
cavity pumping systems required to maintain cleanliness 
for long term operation at high fields. 

4 CONCLUSION 
The first two-cell spoke loaded SC cavity, which 

operates at fo=345 MHz and has Popt=0.4, has been 
successfully tested at cw accelerating fields up to 11.5 
MV/m (EpEAK=40 MV/m). Surface processing using a 
combination of electropolishing, chemical polishing, and 
high-pressure rinsing has resulted in a low level Q of 
1.3x10 at 4.2 K, implying a residual surface resistance of 
17 nQ. As tested, the resonator is in a 'fully dressed' form 
with forming dies and fabrication techniques suitable for 
production for the RIA driver linac. 

5 ACKNOWLEDGEMENTS 
The authors would like to thank Jean Delayen (JLAB) 

and Dale Schrage and Tsuyoshi Tajima (LANL) for many 
helpful discussions. We also acknowledge the contrib- 
ution of Sciaky, Inc. in developing and performing the 
required electron-beam welds. 

This work was supported by the U.S. Department of 
Energy, Nuclear Physics Division, under contract number 
W-31-109-ENG-38. 

6 REFERENCES 
[1] M.P. Kelly, K.W. Shepard, M. Kedzie, G. Zinkann, in 
Proc. 2001 Particle Accelerator Conf., June 18-22, 2001, 
Chicago, IL (2001). 
[2] T. Tajima et al., Proc. Workshop on Spoke Cavities, 
http://lib-www.lanl.eov/documents/g/00796120.pdf 
[3] K.W. Shepard, M.P. Kelly, M. Kedzie, T. Schultheiss, 
in Proc. 2001 Particle Accelerator Conf, June 18-22, 
2001, Chicago, IL (2001). 

1296 



Proceedings of the 2003 Particle Accelerator Conference 

SUPERCONDUCTING INTERMEDIATE-VELOCITY CAVITY 
DEVELOPMENT FOR RIA 

K.W. Shepard, M.P. Kelly, J.D. Fuerst, M. Kedzie, ANL, Argonne IL 60439, USA 

Abstract 
This paper discusses the design and development of two 

types of intermediate-velocity superconducting cavity and 
an associated cryomodule for the RIA driver linac. The 
two cavity types are a 115 MHz, PGEOM = 0.15 quarter- 
wave resonant (QWR) cavity, and a 173 MHz, PGEOM = 
0.26 coaxial half-wave cavity. The useful velocity range 
of the two cavity types extends from 0.1 to 0.4c. Both 
cavities are well-corrected for dipole and quadmpole 
asymmetries in the accelerating field. A cryomodule is 
being designed to incorporate a separate vacuum system 
for the cavity vacuum in order to provide a clean, low- 
particulate environment for the superconducting cavities. 
This will enable a higher degree of surface cleanliness 
than has previously been the case for TEM-type, drifl- 
tube-loaded superconducting cavities. The status of 
prototype cavity and cryomodule construction are 
reported. 

INTRODUCTION 
The proposed U.S. Rare Isotope Accelerator (RIA) 

requires a driver linac formed of several hundred 
superconducting rf cavities of several different types to 
span a velocity range 0.02 < p < 0.9. The driver will 
accelerate uranium ions to 400 MeV/nucleon, and protons 
to energies of 900 MeV [ 1 ]. 

Existing superconducting RF (SRF) technology is 
available for both the low-velocity and high-velocity 
sections of the driver linac. The low-velocity section is 
formed of cavities similar to the quarter-wave structures 
in existing heavy ion linacs[2], while the high-velocity 
section can employ 805 MHz elliptical-cell cavity 
technology existing already developed at JLAB for the 
SNS project[3]. The cavities described in this paper fill 
an intermediate velocity range 0.1 < P < 0.4. They are 
being designed to be processed with high-pressure water 
rinse cleaning techniques and to operate in the clean 
environment supported by separating the cavity and 
cryogenic vacuum systems. 

CAVITY PRODUCTION 

Electrical and Mechanical Design 
Figure 1 shows the geometry of the two cavities, while 

Table 1 lists the calculated electromagnetic (EM) param- 
eters. Pro/Engineer software was used to numerically 
model the mechanical properties of the structures, while 
the electromagnetic properties were modeled in 3D using 
CST Microwave Studio (Version 4). 

The quarter-wave structure is useful over the velocity 
range 0.10 < p < 0.30 while the half-wave covers 0.20 < 
P < 0.40. The drift-tube of the QWR structure is shaped 

Table 1: EM Parameters (from Microwave Studio) 

Quarter-Wave Half-Wave 

Frequency [MHz] 115 172.5 

PGEOM 0.15 0.26 

Length [cm] 25 30 

QRs 42 58 

At 1 MV/m accelerating field: 

Epeak [MV/m] 3.2 2.9 

Bpeak [G] 57 78 

rf energy [mJ] 170 345 

to introduce electric dipole fields which largely cancel the 
beam steering caused by magnetic dipole fields intrinsic 
to the QWR geometry [4]. 

Design of the niobiimi shell and stainless-steel housing 
of both cavities followed analysis of the mechanical 
stresses both fi-om helium pressure loads and also fi-om 
mechanical tuning loads as shown in Figure 2. 

Fabrication 
The cavities have been designed for mass production. 

Figure 1: Cutaway views of the quarter-wave and half- 
wave cavities showing both the niobium cavity and the 
integral stainless-steel helium vessel. 
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Figure 2: Numerically modeled displacement under a 
compressive load for tuning the QWR cavity. 

Displacement in inches 
for 2000 lb. load 

Figure 4: Setup to electron-beam weld the QWR 
resonator center-conductor halves together in a single 

-down. 

The blended comers and smooth transitions shown in 
Figure 1 are well suited to hydroforming and other sheet 
metal working processes, and also facilitate chemical 
processing and high-pressure water rinsing. 

Dies and tooling were tested first on 3 mm aluminum 
sheet. Once parameters were established, the parts were 
formed of 3 mm niobium sheet with RRR>250. Figure 3 
shows some of the sub-assemblies for the half wave 
cavity. 

Formed parts were finish machined to fit, then joined 
with electron-beam welds. Figure 4 illustrates a complex 
weld on the quarter-wave center conductor involving 
multi-axis control of both gun and table with a varying 
beam current programmed to achieve optimum results. 

These cavities are designed with integral stainless steel 
helium tanks which requiring joining niobium to stainless 
steel at the various coupling and beam ports. This was 
accomplished by brazing with pure copper, which requires 
neither plating or other surface treatment other than 
cleaning. Figure 5 shows two prototype braze assemblies. 
Copper wire is placed in a shoulder machined into the 
stainless steel and flows into the smooth annular space 

Figure 3. Half-wave resonator parts, as-formed niobium 
center conductor and (inset) toroidal end-cups with 
coupling ports. 

between stainless flange and niobium tube. The mating 
surfaces are completely wetted and the excess copper 
forms a fillet on the underside of the joint. Two beam port 
(30 mm ID) and three coupling port (51 mm ID) 
transitions of this type are currently in service and 
operating on a double spoke cavity at ANL [5]. 

CRYOMODULE 
Low-p drift-tube loaded TEM structures extend further 

vertically than along the beam axis, and can be efficiently 
housed in a rectangular cryostat geometry. Building on 
experience with the cryostats for the Positive Ion Injector 
at Argonne's ATLAS heavy ion linac, a rectangular 
cryomodule design has been developed [6] that is space- 
efficient and consistent with the requirements for high- 
performance superconducting rf surfaces. Features 
include separation of the cavity and the cryogenic vacuum 
systems, and top-loading of the cavity-string subassembly 
which enables hermetic isolation of the cavity string along 
with assembly in a clean room. 

Figure 5 shows three stages of module assembly, from 
clean-room subassembly to a completed module. The end 
walls of the vacuum vessel are chamfered in the middle, 
as shown in Figures 5 and 6, to allow the room- 
temperature, low-particulate beam-line vacuum valves 
which seal and isolated the cavity-string assembly, to 
insert through the cryomodule vacuum wall. 

The cryomodule contains an internal magnetic shield as 
well as a liquid nitrogen cooled thermal shield. Both 
shields are installed by hanging sheets of copper and/or 
mu-metal, much like curtains, on the wall of the vacuum 
vessel, overiapping as required. Cost and installation 
effort should be reduced compared to more traditional 
construction methods. Multi-layer insulation (MLI) can 
be installed due to the independent cavity and cryogenic 
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Figure 5: Cryomodule assembly sequence. (Top) clean- 
room assembly of cavity string includes cavity and 
beamline vacuum and couplers. (Middle) Top flange 
assembly includes cryogenic systems. (Bottom) 
Completed cryomodule. 

insulating vacuum spaces which ensure a clean cavity 
space. 
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DESIGN OF A SUPERCONDUCTING LINAC CAVITY FOR HIGH- 
CURRENT ENERGY RECOVERY LINAC OPERATION 

Dong Wang*, Yongxiang (Joe) Zhao, Ilan Ben-Zvi, Xiangyun Chang, Jorg Kewisch, 
Christoph Montag (BNL), Jacek Sekutowicz (DESY&JLab), Carlo Pagani, Paolo Pierini (INFN) 

Abstract 
The RHIC electron cooler as well as other applications 

(such as a linac-ring version of eRHIC) require a very 
high average current CW electron linac in an energy 
recovery mode. In this paper we present the design of a 5- 
cell superconducting linac cavity for velocity of light 
particles. This cavity will operate at 703.75 MHz with a 
large beam pipe aperture of 19 cm diameter and ferrite 
HOM absorbers in the beam pipe, in addition to the 
conventional HOM couplers for low frequency HOMs. 
We will report the design of the cavity geometry using the 
BuildCavity and Superfish codes, loss factor simulations 
with ABCI, detailed HOM simulations with MAFIA (with 
and without the ferrite absorbers) and beam breakup 
simulations using the code TDBBU. 

INTRODUCTIONS 
The main goal of the Relativistic Heavy Ion Collider 

(RHIC) is to provide head-on collisions at energies up to 
100 GeV/u per beam for very heavy ions, which are 
defined to be gold '"AU''^, but the program also calls for 
lighter ions all the way down to protons and polarized 
protons. Luminosity requirements for the heaviest ions are 
specified to be in the 10^*~10"cm"^s"' range. A first 
upgrade of the luminosity by about a factor four consists 
of increasing the number of bunches from about 60 to 
about 120 and decreasing beta* from 2m to Im. 
Luminosity can be further enhanced by decreasing the 
beam emittance by the electron cooling the gold beams at 
storage energy. With electron cooling the beam emittance 
can reduced and maintained throughout the store and the 
luminosity increased until non-linear effects of the two 
colliding beams on each other limit any further increase 
(beam-beam limit). The simulations of electron cooling 
for RHIC show that a high charge electron bunch (lOnc) 
is needed. The resulting average current is about 100mA. 

Table 1 Parameters of electron beam for RHIC cooler 

Final Beam energy 55MeV 
Charge per bunch lOnc 
Repetition rate 9.4MHz 
Average current 94 mA 
Bunch length at Linac ~lcm, rms 
Injection energy 2.5 MeV 

To accelerate about 100mA electron beam to 55MeV 
the energy recovery linac (ERL) scheme is proposed to 
save tremendous power. Beams will go through the linac 
twice, first to be accelerated up to 55MeV then to be de- 
accelerated while giving their energy back to the linac. 
Superconducting radio-frequency cavity technique is 
assumed in this cw accelerator machine. 

* Email: dongwang@.rocko.mit.edu 

The main issues for the linac cavities are the effects due 
to the very high current. 

1) the power in the HOMs(Higher Order Modes) which 
depends on the product of bunch charge and the average 
current. 

2) multi-bunch and multi-pass effects which are driven 
by the high-Q superconducting cavities and limit the 
average current. 

3) effect due to the high charge per bunch (at relatively 
low energy) 

For the RHIC e-cooling project, 1) and 2) are serious 
concerns and will be discussed in this paper. The cavity- 
related single bunch effect is discussed in context of linear 
collider designs. Non-cavity-related single bunch effects 
(space charge, magnetized beam, etc.) are covered in a 
separate study. 

CAVITY DESIGN 
To address above challenging issues a new sc linac 

cavity is being designed by a collaboration of people fi-om 
several laboratories. 

Frequency 
A relatively low fi-equency, say, 700MHz, is chosen to 

get a reasonably small loss factor. It also allows a longer 
bunch and larger transverse aperture is another advantage. 
On the engineering side the availabilities of cw klystrons 
and cleaning facilities are also the factors in choosing the 
frequency. 

Number of cells 
Five-cell structure is adopted since it can keep good 

acceleration efficiency while making the coupling and 
propagation of some modes easier, compare to other 7—9- 
cell structures. 

Cavity geometry is designed with the BuildCavity code. 
Figure 1 shows cavity shape and main parameters. 

G 240 a 
R/Q 710 a 
Qbcs 4 10'° - 

E„/E. 2.1 ." 

H^, 5.94 mT/MV/m 

~-/4J yi- rSMf^ ■ 

''3^^ H 
Figure 1 geometry and mam parameters of new cavity 

The loss factor is calculated by the ABCI. See Figure 2. 
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ABCI 9.4, Spectrum of Loss Factor 
704 MHz 5-cell Cavity 
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Figure 3: TEl 11, 750 MHz 
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Figure 4: TEl 12, 772 MHz 
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Frequency{GHz) 

Figure 2: loss factor of new cavity 

fflGHER ORDER MODES ISSUE 

The HOM (Higher Order Modes) is the key player in 
the design and operation of this so cavity. Simulations are 
carried out with MAFIA. Particularly the low frequency 
dipole modes are of importance to the instability issues in 
the linac. Table 2 shows the 30 modes with the lowest 
frequencies. 

Table 2 major dipole higher order modes 

Figure 5: TEl 13, 803 MHz 

Figure 6: TEl 14, 840 MHz 

Figure 7: TE115, 877 MHz 

Figure 8: TMl Ix, 952 MHz 
Frequency(GHz) R/0 (ohm) 

1 7.489798350E-01 0.109982526E-02 
2 7.569791871E-01 0.136660994E+00 
3 7.570094240E-01 0.274434304E-02 
4 7.711698536E-01 0.184679902E+01 
5 8.032362047E-01 0.305099726E+01 
6 8.246061998E-01 0.129250653E-K)1 
7 8.252309047E-01 0.711581113E-01 

• 8 8.401347490E-01 0.484628264E+02 
9 8.773347638E-01 0.461812638E+02 
10 8.822060575E-01 0.707655746E+01 
11 9.214217593E-01 0.308168408E+OI 
12 9.214559575E-01 0.119930774E+01 
13 9.524008689E-01 0.177325199E+00 
14 9.567931457E-0I 0.312298753E+01 
15 9.639985747E-01 0.125690626E+02 
16 9.709637992E-01 0.500794841E+01 
17 1.010896594E-K)0 0.143507816E+01 
18 1.0111281 llE+00 0.604053638E-05 
19 1.089125001E-K)0 0.143106632E+01 
20 1.089888247E+00 0.367335628E-03 
21 1.170296440E+00 0.885562614E-H)0 
22 1.177597825E+00 0.52I756140E-K)0 
23 1.210143769E+00 0.219157590E-03 
24 1.250641137E+00 0.306075197E-01 
25 1.280658315E+00 0.594297261E-03 
26 1.310722096E+00 0.142675869E+00 
27 1.351442021E+00 0.28583761 lE-01 
28 1.390585487E+00 0.434743738E-01 
29 1.420472371E+00 0.419089300E+00 
30 1.42047237 lE+00 0.419089300E-K)0 

,   W   1/ i   _   i   _  UlUtU   _   Z'Z.   fc   J.   X  

Figure 9: TMl Ix, 956 MHz 

Figure 10: TMl Ix, 964 MHz 

The outer sections of beam pipe are enlarged from 19 
cm to 24 cm diameter (about 20cm away from the end 
cells). From mode analysis and observations some modes 
may not propagate well through the pipes. 

A detailed study is done with method in Ref. [3] to 
estimate the external Qs of the modes. 

Table 3 External Qs of some dipole modes 

Among these dipole modes some may have frequencies 
below the beam pipe (assuming equal to the iris of the 
cavity or a little bit larger) cutoff Electromagnetic fields 
of these modes are calculated by the MAFIA. See Figure 
3 to 11. 

Mode Frequency 
(GHz) 

Field 
Pattern* 

R/Q 
(Ohm) Qext 

1 7.504E-01 TEl 11 0.001 7600 
2 7.722E-01 TEl 12 1.9 1033 
3 8.035E-01 TEl 13 2.8 258 
4 8.404E-01 TEl 14 48 99 
5 8.776E-01 TEl 15 46 26-29 
6 9.520E-01 TMllx 0.16 large 
7 9.566E-01 TMllx 2.9 large 
8 9.641E-01 TMllx 13 large 

The calculations suggest that TMl Ix modes might have 
quite high Qs (exact amount are not available with the 
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method) or are difficult to propagate in the pipes. To 
solve the problem in propagating those modes both the 
CESR 'flute' structure or larger pipes might be needed. 

HOMS WITH FERRITE ABSORBERS 

Ferrite absorbers have been successfully used in other 
high current cw RF cavities in colliding beam accelerators 
like CESR and KEK-B for single cell sc cavities to damp 
HOMs and absorb huge povifer up to a few tens of kW. 

An attempt to apply the same technology to the multi- 
cell linac cavity is made in our design. The preliminary 
simulations are performed with E-module in the MAFIA. 
Two ferrite absorbers are placed on each side of the beam 
pipe, a few tens of centimeters from the cavity cells as 
ferrite sections are in room temperature. Each ferrite 
absorber has 5 mm thick layer with tapered ends. The 
eigenmodes are calculated with MAFIA as a lossy 
problem. By carefully matching the MAFIA options and 
properties of ferrite materials [5][6] (some permittivity 
and permeability values may fail) the Qs of monopole and 
dipole modes can be calculated with high precision (~1E- 
6). Fig. 11 and Table 4 show the fields and Qs of some 
major dipole modes. HOM coupler is also planned as it 
will provide a lot of more flexibility in locations of ferrite 
absorbers, pipe diameter and cryogenic system designs. 
To reflect the real environment in the linac the time- 
domain solutions are being sought in collaboration with 
other labs to better understand the issue. 

0.00 
\..l 

I I 1— 

I .(P*'P^"wp^ 

Figure 11: Simulation with ferrite absorbers 
Top, field of TMl Ix mode, in cavity and pipes. 
Lower left, local field near ferrite. Lower right, ferrite 

absorber (used in B-Factories) 

Table 4 Dipole modes with ferrites absorbers 
Eps=10.0,-1.0 Mu=2.0, -0.5, 

( modes with high R/Q are selected) 
Mode Freq.(Re) 

(MHz) 
Freq.(Im) 

(MHz) 
Qwith 
Ferrite 

A 877.3 0.1981 4428 
B 882.2 0.2094 4212 
C 956.7 0.001521 628533 
D 963.8 0.02025 47595 
E 971.2 0.04392 22112 
F 1016 6.741 151 
G 1273 7.732 164 
H 1311 7.248 181 

In a high current superconducting, energy recovery 
linac machine like RHIC e-cooler there are a number of 

collective effects that may potentially limit the maximum 
current. The multi-bunch multi-pass effects which are 
mainly driven by the high-Q s.c. cavities are our major 
concerns, particularly the transverse Beam Break- 
Up(BBU), which results fl-om the interaction of the beam 
with cavity Higher Order Modes. A preliminary study is 
performed to investigate the effect of HOMs of newly 
designed 700 MHz, 5-cell sc cavities on the cumulative 
Beam Break-Up. The analytical formula of the threshold 
current exists only for the specific mode in the simplified 
case. The precise evaluation calls for the numerical 
method. In our study so far the computer simulation code 
TDBBU developed in the Jefferson Lab is used. The 
circumference is around 251 rf wave length, about 108 
meters. The bunch repetition rate is 9.4 MHz. The simple 
transverse optics is assumed as the design of the cavity 
and transport are still underway. R/Q and Q values of 
major HOMs with ferrite HOM absorbers are fi-om 
preliminary MAFIA calculations. Qs are same for both 
polarizations since there is no fundamental or HOM 
waveguide coupler in our calculations. The threshold 
current can be about 500 mA for a uniform distribution of 
fi-equencies of the HOMs in all cavities. 

SUMMARY 
A design of a 700MHz, 5-cell superconducting cavity 

is performed for the use of high current Energy Recovery 
Linacs(ERL). Primary concern has been the HOM issue 
due to very high beam current. Most important deflecting 
modes with low frequencies are studied by several 
different methods. Simulations of the cavity with ferrite 
absorbers are done with MAFIA as a lossy eigenmode 
problem. Preliminary results are quite interesting. More 
calculations especially with time-domain method are 
underway. Design of main and HOM coupler is also 
going on mainly by J. Sekutowicz. 
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Abstract 
The first five-cell niobium superconducting cavity 

(700 MHz, P=0.65) has been successfully tested in the 
horizontal cryostat CryHoLab. Technological choices like 
equipment with stainless steel heUum vessel and flanges 
appeared to be viable for the future. Preceding this test, 
several operations have been performed: field flatness 
adjustment, chemical etching, heat treatment and RF 
measurements in a vertical cryostat. Good performances 
for a multicell cavity were obtained. However, field 
emission and not yet elucidated phenomenon limit the 
accelerating field around 16 MV/m. 

1 INTRODUCTION 

The R&D collaboration on 700 MHz superconducting 
radio frequency (SCRF) cavities between CEA-Saclay 
and IPN-Orsay started few years ago in the context of the 
French ASH (Superconducting Accelerator for Hybrid 
reactor) project, aborted since then. 

Nevertheless, the developments of this kind of cavities 
are still a topical subject because of its involvement in any 
linear proton accelerator requiring a high energy section. 
Such projects, using a high intensity beam, are dedicated 
to produce radioactive ion beams, neutrons for nuclear 
waste transmutation, or particles for muon colliders and 
neutrino factories. 

Currently, the French SCRF proton cavities research is 
related to the European projects XADS (experimental 
Accelerator Driven System) and EURISOL (EURopean 
Isotope Separation On-Line). The linac design and the 
beam dynamics studies defined modules made of five-cell 
SCRF cavities with several P values (0.47, 0.65, and 
0.85). Our first goal was to manufacture and test a 5-ceIl 
prototype (p=0.65) in a horizontal cryostat to validate the 
design and the technological choices. A second step will 
be to experiment its associated components: the cold 
tuning system and the power coupler. 

2 CAVITY CHARACTERISTICS 

The five-cell A5-01 niobium cavity, manufactured by 
CERCA, was designed on the basis of RF codes 
simulations [1] and after validation through the results 
achieved with the A1-05 monocell cavity in a vertical 
cryostat (Fig.l) [2]. This cavity is characterized by: 

* bvisentin@cea.fr 

• ratios of "E^JE^ and ^^^JE^ surface peak to 
accelerating fields, respectively about 2.32 and 
4.48 mT/(MV/m), 
• no stiffening rings between cells, 
• two lateral ports used for the input coupler and the 
transmitted power pickup probe, 
• an asymmeti-y in the beam tobe diameters (RRR 30 
niobium), 
• Conflat® CF flanges, bellow and liquid helium vessel, 
made with 316 L stainless steel, which are copper-brazed 
on niobium, 
• die Nb cells material supplied by Wah Chang (4 mm 
sheets - RRR>250) 

3 FIELD FLATNESS TUNING 

To ensure the electric field flatness on the beam axis, it 
is necessary to pre-tiine tiie multicell cavity, at the room 
temperatiire. The tuning procedure consists into a 
mechanical deformation of each cell by means of steel 
plates to squeeze or sti-etch it. The field profile is 
measured by the perturbation method induced by a small 
metal bead moving along the beam axis [3]. 

Three pre-tiinings were necessary to improve the field 
flatness up to E^/E„ax=92% from tiie initial values: on 
receipt of the cavity from CERCA (24%) and after new 
degradations resulting from the first important chemical 
etching (75%) and from the heat treatment (65%). 

4 CAVITY PREPARATION 

4.1 Chemistry 
All along RF tests, the cavity has been ti-eated several 

times by a "BuflFered Chemical Polishing", 
HF/HNO3/H3PO4 acid mixture (1:1:2). To limit the acid 
volume required for dunk chemish-y, the chemical 
ti-eatment was only made in the inner part of the cavity. 
The cavity apertures were closed by PolyVinylChloride 
flanges and Viton® O'ring seals protect brazes from the 
acid attack. A first hard etching of the surface removed a 
170 |xm thickness. Then several slight chemistiies (20 
|J.m) were made to prevent possible surface contamination 
after each cavity handling (field flatness tuning, heat 
treatment and helium vessel welding). 

Unforftmately, during one chemistiy a bad adjustinent 
of the O'ring protection seal caused the acid attack of the 
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copper braze at one axial flange. A vacuum leak occurred 
that was temporarily sealed in using a Stycast® epoxy 
compound. This cure has been effective until now: even 
after several thermal cycles, we did not observe any leak 
on the cavity immersed in He II bath. 

4.2 Heat Treatment for Q-Disease 
To avoid the important Q-disease effect (curve 2 on 

Fig.2), due to hydride formation around lOOK and 
observed during a slow cool-down, the cavity has been 
annealed under vacuum (1.10'^ mbar) for one day in the 
CERN fiimace. This treatment is required before the test 
in horizontal cryostat because in that case a fast cooling 
down is impossible, the pre-cooling being necessarily 
carried out by Uquid nitrogen at 77K. 

During this treatment, we have verified the hydrogen 
removal from the bulk material with a rare gas analyzer. 
A 650°C temperature has been chosen, instead of the 
usual 800°C, to prevent the stainless steel CF flanges 
brittlement that could appear at low temperature during 
subsequent RF tests and to preserve the cavity stiffness. 
The curve 3 on Fig.2 proves the efficiency of the heat 
treatment at low temperature, an observation already 
mentioned in an earlier experiment [4]. 

4.3 Helium Vessel 
After heat treatment, the helium vessel [6] was attached 

to the multicell niobium cavity by TIG welding. An 
ultimate field flatness check and a new test in a vertical 
cryostat showed that cavity performances were unchanged 
by the stainless steel helium tank welding and that the 
cavity was then ready for horizontal tests in CryHoLab. 

5 RF MEASUREMENTS 

5.7 Tests in Vertical Cryostat 
For the first test, the 5-cell cavity (curve 1 on Fig.2) 

shows a similar behavior to the A1-05 monocell (Fig.l) 
with a multipacting barrier around 10 MV/m; but, instead 
of the limitation by quench at 25 MV/m, we were 
surprisingly limited at 15 MV/m without any of the usual 
causes, quench or electrons. We observed and did not find 
yet an explanation, that when Eacc exceeds 15 MV/m the 
incident power Pj is partially reflected at the cavity 
entrance, after a time At (Fig.3). We suspected a coupling 
problem and decided, for next vertical test, to change the 
RF antenna position and put them on the beam axis, 
instead of lateral ports. 

During the second test (curve 3 on Fig.2), after the 
annealing of the cavity, we noted the electron production 
by field emission and we observed the same limiting 
phenomenon at 15 MV/m. This was in spite of the new 
antenna position. The phenomenon study shows that if we 
switch off the RF power between each data point, during 
the "RF-off time t, we can extend the At time enough to 
make the RF measurements. 
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^ = ̂ =H =: ̂  = ^ 
KS ^ ^^ ^ m 4i k K ■^ ̂  

E = ^ 3 |fe| = —1__ 
barrier ^ 

1     1      1      1 1  1 f 1 
field emission = 

-i-H ] 1 h-^ 
= J '1  _ 

:  auench = 
^ 

- m  Mono Cell in      : = = __ —' =: 

- 1     1     1     1  -J 
0    2    4     6    B   10   12   14   16   18  20   22   24   26  28   30 

E.CC (MV/m) 

Figure 1: Qo vs Eacc for the mono-cell cavity (Al-05), 
in vertical cryostat at 1.7K 
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Figure 2: Qo vs Eacc for the 5-cell cavity (A5-01), 
in vertical cryostat at 1.7K. 
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Figure 3: Schematic traces of incident P, and transmitted 
P, powers versus time during the observed phenomenon 

withAt=f(l/Eacc,i;) 

By this way, it was possible to exceed the 15 MV/m 
limit and we then met a more usual "RF power supply 
limitation" due to the electron emission at 16 MV/m. On 
the curve 3 (Fig.2) we can see the shift (<->) for the two 
last data points if we do not switch off the RF power 
between the measurements. When the Eacc value 
increases, At decreases so a longer "RF-off time is 
necessary. The i value, about two minutes, suggests a 
long relaxation time for the limiting phenomenon. In spite 
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of these difficulties the RF results show good 
performances for our 5-cell cavity if we compare them 
with similar multicell cavities [4-5]. 

5.2 CryHoLab Horizontal Test Facility 
For the first time CryHoLab (french acronym of 

"CRYostat Horizontal de LABoratoire") is running with 
a cryogenic generator [7] (compressor, 120 1/h liquefier- 
cold box, 2000 1 buffer-dewar), instead of liquid helium 
containers. The pumping system allows the helium bath 
temperature to decrease down to the working value 
(1.8 K). 

The 5-cell cavity is the first one tested in such 
conditions. The dynamic cryogenic power consumption of 
the whole installation at 1.8 K (cryostat, cavity, transfer 
lines and He bath pumping) is around 20 W (29 1/h). 
Figure 4 shows the A5-01 cavity, inside CryHoLab, 
wrapped in super-insulation layers as thermal shielding. 

llJ 
t ";|i^7   ' 
^  ■ ■•■i-"^-"^v. 

Figure 4; The 5-cell cavity inside CryHoLab. 
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Figure 5: Comparison of the RF tests in vertical and 
horizontal cryostats 

5.3 Tests in Horizontal Cryostat 
To be able to make a real comparison between vertical 

and horizontal tests, and in spite of the electron emission, 
the cavity is tested without a new cleaning stage. Curve 4 
on Fig.5 shows the RF horizontal results with a slight 
decrease in the Qo value at low accelerating field from 4.6 

to 2.3 lO'" due to the change of the residual resistance 
resulting from the difference of the magnetic field 
shielding between vertical and horizontal cryostats (from 
2 to 20 mO). The same phenomenon in the input power 
limitation is also observed in CryHoLab but from only 
8 MV/m. Using the same "RF-off' method than in the 
vertical cryostat, it is possible to reach 10 MV/HL But we 
did not succeed to go through the multipacting barrier, 
even after we attempted to make a cell by cell RF 
formation using other fundamental modes than Ti-mode. It 
is necessary to carry on the investigations of the limiting 
phenomenon and to check a possible connection with the 
lack of stiffeners between the cavity cells. 

6 CONCLUSION 

The first preliminary results of the multicell cavity 
allowed to: 
• show the good performances of the cavity, above the 
XADS specifications, in spite of field emission, 
• reinforce the technical options and particularly the use 
of stainless steel helium vessel, 
• validate the horizontal RF test facility CryHoLab and 
the cryogenic fittings. 

The five-cell cavity being characterized all along the 
different stages of its preparation, up to the final RF test 
in the horizontal cryostat, our priority now is to 
understand and to solve the experimental event that limits 
the intrinsic performances of this cavity. 

In parallel, we will improve the CryHoLab magnetic 
shielding and we will clean again the cavity to suppress 
the electron emission, probably linked to a surface 
contamination due to pollution in the rinsing water 
system. 
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USING PASSIVE CAVITIES FOR BUNCH SHORTENING IN CESR* 

Table 1: Selected parameters of CESR-c 

Energy [GeV] 1.55 1.88 2.5 
No. of cavities 4 4 4 
Gradient [MV/m] 6.25 8.33 10 
Voltage [MV] 7.5 10 12 
Beam power [kW] 40 90 160 
Beam current [A] 0.26 0.36 0.46 
Synch, frequency [kHz] 41 43 41 
Bunch length [mm] 9.9 10.2 10.2 

S. Belomestnykh^ R. Kaplan, J. Reilly, J. Sikora, and V. Veshcherevich 
Laboratory for Elementary-Particle Physics, Cornell University, Ithaca, NY 14853, USA 

Abstract 
Passive (beam-driven) superconducting cavities can be 

used in storage rings for bunch shortening when necessary 
high RF voltage can be achieved only by using multiple 
cavities, but the beam power consumption does not justify 
using all of them in the active mode, powered by 
klystrons. An example is the e*e collider CESR running 
with a beam energy below 2.5 GeV as a charm-tau factory 
(CESR-c) [1]. A short bunch length of about 10 mm is 
required for obtaining higher luminosity, while maximum 
beam power is only 160 kW. Theoretical and 
experimental studies are in progress at CESR to 
investigate the collider performance at low energy in 
preparation for its conversion to CESR-c. In the course of 
these studies we looked at possible impacts of using 
passive cavities on the accelerator performance. The 
results are presented. 

1 MOTIVATION FOR USING PASSIVE 
CAVITIES 

CESR [1] is a single-ring e^e' collider operating in the 
energy range from 7/¥'(1.55 GeV) through Fresonances 
(E = 6 GeV). In the past CESR has operated mainly at 
5.3 GeV and achieved peak luminosity well above 10^^ 
cm" s". Its operation range was extended recently to 
lower energies of charm/tau region. The low energy 
mode of operation, called CESR-c, utiUzes short bunches 
and high synchrotron frequency and requires high total 
RF voltage (see Table 1). By raising operating gradient 
on some of the existing cavities and replacing others with 
new/refurbished cryomodules we will attain the RF 
voltage increase [2]. 

However, while the required RF voltage is high, the 
beam power demand is very modest and does not justify 
using three transmitters as in the present RF system 
configuration. Even one klystron is more than adequate 
to supply necessary power. To significantly reduce RF 
system power consumption and to ease stability 
requirements to RF controls we had proposed operating 
some of CESR superconducting cavities in a passive 
mode. A proof-of-principle experiment was performed to 
check feasibility of this mode of operation [3]. Measured 
dependence of the synchrotron frequency on the beam 
current was in good agreement with calculations. In this 
paper we present further studies of passive cavity 
operation in CESR-c including first experimental high- 
energy physics (HEP) run results. 

2 RF SYSTEM CONFIGURATION AND 
PARAMETERS FOR CESR-C 

CESR RF system consists of four single-cell 
superconducting cavity cryomodules. The cryomodules 
are installed in pairs in the East (El and E2 locations) and 
in the West (Wl and W2) RF straight sections of CESR. 
Two East cavities have individual klystrons while two 
West cavities share RF power from one klystron (see 
Figure 1). 

Westtrmsmilter EastlTa]i3mitter 
Low 

level RF 
Low 

level RF 

^Klystron   NyKlyiitron 

vvvw(j| Ciiculator "^^^^^M     ^^^'*'~\^ 

MagjcT 

Circulator 

*Work supported by the National Science Foundation. 
*sab@lepp.comell.edu 

Figure 1: RF system configuration. 

The proposed scheme [2] is to operate two West 
cavities in an active mode and two East cavities in the 
passive mode with the external Q factor in the range 
between 1x10* and 3x10*. We will retain klystrons 
connected to the passive cavities for RF processing 
purposes and for CESR operation at high energy for 
synchrotron radiation user faciUty. 

Requirements to the CESR-c RF system were analyzed 
elsewhere [2, 4].   Table 2 compares RF parameters for 

0-7803-7738-9/03/$17.00 © 2003 IEEE 1306 



Proceedings of the 2003 Particle Accelerator Conference 

different number of active and passive cavities and 
different cavity coupling at 1.88 GeV. First set of 
parameters is for the configuration with four active 
cavities with ge^ = 2.0x10^ the same as we have at 
present. Most efficiently RF system is operating though 
when matched conditions are reached at the maximum 
beam current (second set). For CESR-c this means 
operating at high values of gen, which will significantly 
increase the beam loading parameter Y. In the past CESR 
typically operated with 7=9, which is considered heavy 
beam loading [4]. Using two passive cavities will 
alleviate the beam loading problem as well as 
significantly reduce power consumption (third and forth 
sets of parameters in Table 2). 

Table 2: Comparison of RF parameters at 1.88 GeV 
No. of active+ 
passive cavities 4+0 4+0 2+2 2+2 

No. of klystrons 3 3 1 1 
gext active 2.0x10^ 3.1x10* 6.1x10' 1.0x10* 
gext passive - - 1.0x10* 3.0x10* 
Y=V^, 2.6 40.0 7.8 13.2 
Synchr. phase 83.7 88.6 86.3 87.8 
PRF [kW] 398 90 230 137 
PAC [kW] 1150 810 470 370 

The beam acts as a transmission line between the 
source of RF power (active cavity) and the load (passive 
cavity). At a constant passive cavity voltage the power 
transmitted via beam stays constant. Hence the voltage 
seen by the beam as it passes the beam-driven cavity will 
depend on the beam current and will be maximal at the 
lowest beam current (threshold current, see next section). 
For example, for 1.88 GeV conditions the voltage seen by 
the beam would reach 1.4 MV at the beam current of 50 
mA, cavity voltage of 2.5 MV and passive cavity gext = 
1.0x10*. Energy kick due to this high voltage can create 
orbit perturbation (dispersion function is non-zero at the 
cavities' location in CESR) that may worsen machine 
performance. This was the reason to include two sets of 
parameters for passive cavities. While operating at gext = 
1.0x10* is better because of the smaller beam loading, 
higher extemal Q reduces the energy kick. One can 
improve beam loading in the latter case by operating 
active cavities at lower than optimal gext- 

/IM«. dmthold 

Pt-n 

3 PASSIVE CAVITY SETUP 
RF control electronics of the E2 cavity has been 

modified to allow operation in the passive cavity mode. 
Figure 2 presents the block diagram for this regime. 
Initially, when the beam current is below the pre-set 
threshold, the cavity is parked in a "HOME" position off 
resonance. As soon as the beam current exceeds the 
threshold, the tuner feedback loop is turned on and tunes 
the cavity fi-equency to keep the beam-induced voltage 
equal to its set point. The set-up works only on one side 
of the cavity resonance. One needs to change the sign of 
the loop gain to operate on the other side. For bunch 
shortening the cavity resonance frequency must be below 
the operating harmonic of revolution frequency. The 
cavity voltage set point cannot exceed /beam ^/fi • fiext • 
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Figure 2: Passive cavity block diagram. Figure 5: RF power during first experiment. 
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4 EXPERIMENTAL RESULTS 
Passive cavity experiments were performed when 

CESR was operating at the beam energy of 1.84 GeV 
using only two cavities. The first experiment was to 
check operability of the passive cavity setup. E2 cavity 
has been switched to passive mode and its external Q was 
adjusted to 1x10*. El cavity remained active at 1.59 MV, 
West transmitter was not used at that time and both Wl 
and W2 cavities were detuned and parked off resonance. 
We injected positron beam to a current level slightly 
above the pre-set threshold and observed feedback loop 
operation. Then we slowly raised passive cavity field set 
point until RF trip due to passive cavity vacuum (Figures 
3 and 4). This was repeated several times. In all cases RF 
tripped as soon as E2 cavity voltage reached 
approximately 1.9 MV. We have concluded that the trips 
were associated with the cavity quench and the cavity 
would have to be processed to operate at this level. 
Figure 5 illustrates how the passive cavity is loading the 
active one via beam current. One can see that difference 
between forward and reflected power on El cavity 
matches reflected power on E2 cavity. 

During the second experiment RF system was switched 
again to one passive and one active cavity to check how 
passive cavity would affect luminosity during high-eneigy 
physics run. El (active) cavity voltage was set to 1.75 
MV, E2 (passive) cavity voltage was set initially to 1.55 
MV at first and later in the run was changed to 1.3 MV. 
The beam current threshold was set to a total beam 
current of 30 mA. History plots of the beam currents and 
passive cavity voltage are shown in Figures 6 and 7 
correspondingly. The luminosity was quite respectable (in 
comparison with normal RF setup of two active cavities) 
while the passive cavity voltage was set to 1.55 MV 
though it degraded somewhat when the voltage was 
lowered. Figure 8 presents comparison of luminosity 
obtained with passive cavity with luminosity during one 
of the normal HEP runs. 

5 SUMMARY 
Experimental results obtained with one passive and one 

active cavity in CESR-c conditions confirm feasibility of 
using such a scheme. The plan is to use two passive 
cavities in CESR-c for more efficient running of the RF 
system. More experiments will be performed to study 
passive cavity operation at higher voltages and effects of 
passive cavities on beam dynamics. We hope to switch to 
a routine operation with two passive cavities later this 
year. 
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FIRST RF TEST AT 4.2K OF 
A 200MHZ SUPERCONDUCTING NB-CU CAVITY* 

R.L. Geng^ P. Barnes, D. Hartill, H. Padamsee, J. Sears, LEPP, Cornell Univ., Ithaca, NY 14853, USA 
S. Calatroni, E. Chiaveri, R. Losito, H. Preis, CERN, Geneva, Switzerland 

Abstract 

A 200MHz single cell elliptical Nb-Cu cavity has been 
fabricated and tested at 4.2 K and at 2.5 K in a vertical de- 
war fitted in a radiation shielded pit, 5 m deep and 2.5 m 
in diameter. The low field Qo reached 1.5 x lO^o at 4.2 K. 
Two multipacting barriers show up at Eacc = 3 MV/m and 
1 MV/m. Helium processing is effective to reduce field 
emission and improve accelerating gradients by a factor of 
as much as 2. Eacc reached 11 MV/m at a Qo of 6 x 10*. 
The Q-drop is observed but shows a stronger field depen- 
dence as compared to expected Q-slope typical for Nb-Cu 
cavities. 

INTRODUCTION 

The proposed neutrino factory and muon collider ask for 
RF cavities operating at a frequency near 200 MHz for 
rapid acceleration of muons [1]. One scenario is to use 
superconducting RF cavities [2]. The desired accelerating 
gradient is at least 15 MV/m at a Qo of 6 x 10^. Since there 
is no superconducting RF experience at 200 MHz, R&D 
in this regime should be started early Cornell and CERN 
collaborated to fabricate and test of a 200 MHz single cell 
elliptical Nb-Cu cavity. 

FABRICATION 

The prototype cavity is fabricated at CERN with the 
standard film niobium sputtering technique that has been 
used for manufacture of LEP2 cavities. Due to its gigan- 
tic dimensions at such a low frequency, it would have been 
too expensive and inefficient to build the 200 MHz cavity 
with bulk Niobium. The shape of the prototype cell is the 
result of a trade-off between the optimization of RF param- 
eters (,Epk/Eacc, Bpk/Eacc, R/Q) and the geometry im- 
posed by the requirements for film deposition of Niobium 
using the technique of DC Magnetron Sputtering. The di- 
ameter of the cell measures 1370 mm, while the diameter 
of the cut-off tubes is 400 mm. The ratio between these 
diameters is higher than usual to reduce the risk of leak 
problems at the end flanges. The consequences are a higher 
R/Q but also a higher value for the ratio of Epk/Eacc- On 
the other hand having the possibility of enlarging the radius 
gives more flexibility to optimize the shape for sputtering, 
and a next version of the cavity should certainly address 
such a problem. RF parameters are Usted in Table 1. 

Table 1: RF parameters 
Parameter Value Unit 

G 250 n 
R/Q 121 n 

Epk/Eacc 1.69 - 
Bpk/Eacc 4.34 mT/(MV/m) 
Eacc/VU 0.518 (MV/m)/\/j 

Once the geometry has been fixed, the minimum thick- 
ness to avoid collapse under the atomspheric pressure has 
been calculated by simulating the structure with ANSYS. 
The two half cells were formed by spinning two 8 mm thick 
OFE copper sheets. We removed electrolytically 400 /xm 
from the surface to reduce the imperfections induced by 
the mechanical process. The cavity was then welded by 
ACCEL with an electron beam from the inside, to avoid 
welding projections inside the cavity. Further mechanical 
smoothing has been done at CERN by grinding locally all 
the sharp points of the internal surface. Chemical polish- 
ing (SUBU) was performed twice on the whole cavity to 
remove 20 //m + 20 /im, the standard value to prepare the 
copper surface before the deposition of the niobium film. 
Fig. 1 shows the photo of a half cell under rinsing. 

The deposition was made by using the existing infras- 
tructure of the LEP2 cavities. The cavity was rinsed at 100 
bars with ultra pure water on the automatic programmable 
machine. A special vacuum valve was installed on the cav- 
ity to insulate the cavity from the outside after drying the 
cavity The cavity, filled with dry and dust-free N2, was 
then sent by airplane and truck to LEPP. 

* Work supported by NSF 
trg58@comell.edu Figure 1: A half cell that is being rinsed. 
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Figure 2: 200MHz cavity on a horizontal supporting frame. 

PREPARATION 

After arriving at LEPP, the cavity was rolled into the 
clean room for installation of the input coupler and for 
pump down. Fig. 2 shows a photo of the cavity when it 
was in the clean room. 

Facilities at LEPP have been upgraded to allow vertical 
tests of this 2 m long cavity. A 72 inch diameter dewar, 
manufactured by Cryofab, is fitted into a pit of 5 m deep 
and 2.5 m in diameter. The pit is lined with low-carbon 
steel sheets and the earth magnetic field is attenuated to 
200 mGauss.The radiation from the test pit is shielded by 
an 80-ton movable block. Up to 2 kW RF power (CW) 
at 200 MHz range is available from a solid state amplifier 
manufactured by QEI. High power RF cables are all fitted 
with LC connectors or 7/8" flanged coax connectors. The 
2 kW input coupler, manufactured by Ceramaseal, is fitted 
with a bellow allowing an adjustable Q^xt (from 10^ to 
10^°). Fixed couplers (connector DN16 type 7/16) rated 
at 500 W, obtained from CERN, are also used. A new 200 
MHz RF electronics system was built. Home molded foam 
(Versi-Foam from RHH Foam System) blocks are installed 
around the cavity to displace space and save usage of LHe. 
In addition, we pre-cooled the LHe vessel and the foam 
ballast with LN2 before starting LHe transfer. 

VERTICAL TEST 

TEST-I 

During the first test in June 2002, there was a very steep 
Q drop at 3 MV/m, accompanied with strong X-ray bursts 
(100 R/h measured on beam axis, 1 m above the cavity 
equator). Signatures of the reflected power signal was sug- 
gestive of multipacting. Simulations confirmed the exis- 
tence of a two-point multipacting at the observed gradient. 
RF processing was pursued but the effort was stopped due 
to damage occurred to the cable connector underneath the 
feed-through at the dewar top plate. Condensed water va- 
por formed a thin layer of ice at the interface between con- 
nector dielectric (Teflon) and the cable dielectric (foam), 
which caused impedance mismatch. This resulted exces- 
sive heating at the interface and the foam was burnt into 
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Figure 3: First test results. 

carbon, which in turn shorted the inner and out conductors. 
The cavity was then warmed up to room temperature and 

the cable connector was shifted to the outside of the de- 
war. The second test was again limited by a barrier at 3 
MV/m. Extended RF processing only yielded small im- 
provement. Helium processing was then performed and 
gradual improvement was obtained. After about 4 hours of 
helium processing, the accelerating gradient was boosted to 
6 MV/m from 3.5 MV/m. A decrease in x-ray flux rate was 
observed during helium processing. Ultimately the radia- 
tion level reached 100 R/h at 6 MV/m. We concluded that 
the limiting mechanism was field emission. These test re- 
sults are summarized in Fig. 3. It is noted that the low-field 
Q is already 1 x 10^° at 4.2 K, indicating an encouraging 
film quality. 

TEST-n 

After justification of good film quality and conclusion of 
the field emission limiting mechanism, the cavity was sent 
back to CERN for another high pressure water rinsing. A 
fixed input coupler was installed at CERN following cavity 
rinsing. This practice eUminated further exposure of the 
cavity inner surface and would be beneficial in reducing 
particulate contamination, source of field emission, on the 
RF surface. 

As with Test-I results, the multipacting barrier at 3 
MV/m was observed again. A breakthrough was achieved 
after a cumulative 3.5 hours of RF processing (in CW 
mode). The gradient jumped from 3 MV/m to 7 MV/m! 
The radiation level was 40 R/h at 7 MV/m, in contrast to 
100 R/h at 6 MV/m in Test-I. This indicates that the extra 
rinsing indeed reduced the number of field emitters. RF 
processing continued for 4.5 hours, but in a pulsed mode 
in order to relieve the ceramic of the fixed input coupler 
from being over heated. Altogether, the accelerating gra- 
dient rose from 7 MV/m to 9.5 MV/m. At this point, the 
forward power was over 1000 W, which is already twice as 
high as the coupler power rating. At 9.5 MV/m, the radia- 
tion level settled at 30 R/h. Test-II results are summarized 
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Figure 4: Second test results. 

Figure 6: Two multipacting barriers show themselves as 
two switches, indicated by arrows MP-1 and MP-2, in re- 
flected power signal. 

in Fig. 4. 

TEST-III 

Test-Ill was pursued at reduced temperatures.  Results 
are given in Fig. 5. At 2.5 K, the low-field Qo reached 

■ 
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Figure 5: Third test results. 

2 X 10^° and the accelerating gradient reached 11 MV/m. 
Ultimately, the damage power threshold (1.3kW at 200 
MHz) of the input coupler was reached. For that reason, 
the data for the measurement at 2.5 K are obtained only at 
the two extreme field regions. 

MULTIPACTING 

Besides the multipacting barrier at 3 MV/m, a second 
barrier at 1 MV/m was also observed. These two barriers 
show themselves in Fig. 5 as two dips at the correspond- 
ing gradients in the Q{Eacc) curve for 4.2 K. The radiation 
level also showed peaks at these two gradients. They were 
sometimes shown as two switches in the reflected power 
signal (Fig. 6) after RF is turned off. Simulations with 
the code MULTIPAC [3] confirmed the existence of a mul- 
tipacting barrier at 3 MV/m (2-point, first-order). But no 
barrier is predicted at 1 MV/m, even with an artificially 

inflated secondary emission coefficient. Nevertheless, the 
second-order 2-point multipacting is expected at 1 MV/m, 
since the power level of 2-point multipacting has an order 
dependence of I/(2N-1). 

As already shown, these multipacting barriers can be 
processed through within a few hours. In principle, they are 
not expected to limit the cavity gradients. However, tiiese 
barriers may become hard and require much longer pro- 
cessing if the cavity surface is contaminated, as evidenced 
in a recent test of another 200MHz cavity. 

Q-SLOPE 

As shown in Fig. 5, Qo has a strong field dependence. 
This slope is a result of residual field emission and some 
intrinsic film characteristics. The fact that Qo changes with 
temperature indicates that the latter dominates. Analysis, in 
which field emission contribution is subtracted, shows that 
the intrinsic Q-slope is steeper than the projected value by 
an order of magnimde. 

CONCLUSION 

A 200 MHz sputtered Nb-Cu has been successfully fab- 
ricated and tested. The low field Qo reached 1.5 x 10^° at 
4.2 K. Eacc reached 11 MV/m, limited by the input coupler. 
Multipacting barriers at 3 MV/m and IMV/m can be pro- 
cessed through within a few hours. The film has a stronger 
Q-slope than projected. This effect needs to be understood 
in the future. 
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A 1500 MHZ NIOBIUM CAVITY 
MADE OF ELECTROPOLISHED HALF-CELLS* 

R.L. Gengt, A. Crawford, G. Eremeev, H. Padamsee, J. Sears 
LEPP, Cornell University, Ithaca, NY 14853, USA 

Abstract 

A 1500 MHz niobium cavity has been fabricated with 
two half-cells, which are pre-electropolished with a very 
simple and compact system. In this paper, we present half- 
cell electropoUshing, cavity fabrication and first test re- 
sults. 

INTRODUCTION 

Electropolishing of niobium cavities is proving to yield 
consistently better performance than chemical polishing 
thanks to the persistent effort by KEK [1]. However, an 
electropolishing system for a multi-cell structure can be- 
come complicated and expensive. An alternative, eco- 
nomic way is to electropolish half-cells or dumbells before 
they are welded into a cavity. This method has been tried 
at DESY [2], but the results were reported to be unpromis- 
ing. The cavity surface was compromised by the niobium 
vapor and spatter during electron beam welding. We have 
taken a second look at the principle of half-cell electropol- 
ishing by improving the electron beam welding procedure 
with an EB welder in our facility. A 1500 MHz niobium 
cavity has been fabricated with two half-cells, which are 
pre-electropolished with a very simple and compact sys- 
tem. 

HALF-CELL ELECTROPOLISHING 

1500 MHz cups were formed by deep drawing with 1/8" 
thick RRR250 niobium sheets with MK-III dies. The in- 
side surface of these cups was electropolished for a sur- 
face removal of 160 nm (This was done in March, 2000). 
The electropolishing set-up is similar to the one illustrated 
in Fig. 1. The cup is filled with a mixture of HF(49% 
wt.) and H2S04(96% wt.) at a volume ratio of about 1:10. 
The mushroom-shaped cathode is made of aluminum. A 
voltage-regulated DC power supply is used. The normal 
voltage across electrodes is 10 - 15 V. The cup is cooled 
by bath water. Acid was agitated through a magnetic stir- 
rer driven spin bar placed inside the acid and at the bot- 
tom of the cup. A laminar circulating acid flow is formed 
when the spinning speed is adjusted to the optimal value 
[3]. A continuously oscillating current is obtained and can 
be maintained for more than 2 hours. It is believed that 
in this CW current oscillation mode, a dynamic balance is 

HF+H2SO. 

* Work supported by NSF 
t rg58@comell.edu 

I magnetic stirrer 

Figure 1: Sketch of the half-cell electropolishing setup. 

reached between the niobium oxidization and dissolution 
of the oxide. 

After electropoUshing, the cups were trimmed at its iris 
and equator and then beam tubes were welded to the half- 
cells. 

HALF-CELL PURIFICATION 

The two beam-tube-welded half-cells were paired to- 
gether and Ti purified in our furnace. The outside surface 
of the half-cells is taken care of by the Ti liner of the fur- 
nace and the inside surface by a cylindrical-shaped Ti box 
centered inside the cell. 

An optimal heat treatment recipe [4] was used, namely 
2 hours at 1300°C followed by 4 hours at 1200 °C. This 
recipe allows gettering of oxygen with limited Ti diffusion 
(< 16 /im) into the bulk of niobium. The RRR is boosted to 
over 500 from 250, as measured with the witness samples 
treated in the same batch as the half-cells. 

ELECTRON BEAM WELDING 

The equator end of half-cells was dipped in cold BCP 
for 20 minutes to remove possible Ti trapped along the cor- 
ner of the weld-preps. This was followed by another cy- 
cle of electropoHsh (Fig. 1) for an inside surface removal 
of about 30 lira to remove the Ti diffused layer of the RF 
surface. EBW of the equator was done with a special jig, 
made of niobium, running across the two irises as shown 
in Fig. 2. The jig has a maximum allowable diameter to 

0-7803-7738-9/03/$ 17.00 © 2003 IEEE 1312 



Proceedings of the 2003 Particle Accelerator Conference 

half-cell 

Nbrod 

Figure 2: EBW pre-electropolished half-cells with a Nb 
vapor interceptor. 

intercept niobium vapor and spatter so as to minimize con- 
tamination to the pre-electropolished surface. 

The exterior surface of the welded cavity was etched 
with cold BCP for a surface removal of 3 fim to eliminate 
the titanized surface layer so as to improve heat transfer 
across the interface between the niobium and LHe during 
cavity test. The final step of the cavity treatment was a brief 
etching with cold BCP for a surface removal of 4.5 urn (in- 
side and outside). Then the cavity was rinsed with high 
pressure water and mounted to the test stand. 

CAVITY TEST RESULTS 

First cavity test at 1.5 K yielded a Qo of 5 x 10^ for 
Epk < 15 MV/m as shown in Fig. 3. Above 15 MV/m, 
Qo dropped down to 6 x 10* at 20 MV/m. No x-ray was 
observed at the highest field and the limitation was due to 
the power from the amphfier. 

Thermometry system revealed that there was a tempera- 
ture rise within a band in the bottom half of the cavity The 
boundary of the band is 1" and 3/4" away from the equator 
and the lower iris respectively. The center of the band does 
not coiresponds to the peak magnetic field region. The na- 

o 
O 

QUENCH 

0 5 10 15 20 25 30 35 40 

Epk [MV/m] 

Figure 3: First test results. 

ture of this increased losses is not fully understood yet. But 
residual Ti due to insufficient etching after purification is 
suspected. 

The cavity was etched with cold BCP for another 7.5 /zm 
of surface removal (inside and outside) and tested again. 
The overall BCP surface removal after EBW reached 13 
fim for the inside surface and 16 //m for the outside surfac- 
erespectively This time, a surprising high Qo of 6x10^° 
was measured at low fields. This high Q is retained up 
to Epk = 25 MV/m. At this field, a Q-switch was ob- 
served. The Qo jumped to 2 x lO^^ and Epk backed off 
to 20 MV/m. When the input power was raised further, Q 
started to drop down. Finally the cavity quenched at Epk = 
30 MV/m. Again, no x-ray was observed for the entire field 
range. When the input power was decreased, Q switched 
back to 6 X 10^° at 20 MV/m. 

Thermometry system revealed that at the switching field, 
a hot spot appeared near the equator. Also above 20 MV/m, 
the lower half of the cavity still showed relatively higher 
temperature rise within the same band observed during the 
previous test. The cause for the Q-switch at 20 - 25 MV/m 
is under investigation. A niobium blister from weld spatter 
is suspected. 

REMARKS 

Our first 1500 MHz half-cell electropohshed has been 
fabricated and cavity test has started. First test showed en- 
couraging high Q at low field and no field emission was 
observed up to a Epk of 30 MV/m. It is essential to re- 
move a surface layer of at least 13 ^m after EBW in order 
to achieve a high Q. Further investigations on Ti purifica- 
tion and welding procedures are needed to reach a higher 
accelerating field. 
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Abstract 
The accelerating gradient performance of 

superconducting niobium cavities is rapidly progressing 
as a result of reduced field emission due to improvement 
in surface preparation techniques. Beyond the field 
emission limitation, there exists a fundamental limit 
imposed by the critical magnetic field of niobium. One 
way to tackle this Umit is to reduce the ratio of the peak 
magnetic field to the accelerating gradient so that a higher 
accelerating gradient is possible while the cavity is still 
superconducting. New cavity shapes of reentrant type 
have been proposed and optimized [1]. A single cell 
1300MHz cavity of this new class of shapes has been 
fabricated. Because of the reentrant geometry, the 
fabrication and surface cleaning of the cavity becomes 
challenging. In this paper, we present some calculation 
prerequisites and the fabrication and preparation results 
for this new cavity. 

1 INTRODUCTION 
In deciding on a cell shape of a SC accelerating section, 

it is necessary to ensure both electric and magnetic 
strength. For comparison of different shapes one can use 
the ratios of the peak electric and magnetic field strength 
on the cell surface to the acceleration rate achievable in 
the given cell: 

//„ H„ 

E^,     AW/L    2AW/A'   E,„    2AW/A' 
Here AW is the energy gain (in volts) obtained at the cell 
length L equal to half wavelength (7i-mode). For the 
TESLA accelerating cavity these values are [2]: 

E,JE^=2.0, H^,/E^^ =42 Oe/(MV/m). 
We will compare values of calculated fields with these 

values and introduce for this purpose the normalized peak 
electric and magnetic fields: 

e=—i^—, h-- 
2E 42£;„. 

For the regular TESLA cells [2] 
e = \,      h = \. 

We believe that for superconducting cavities it is more 
important to reduce  H^,^  on the surface, even if we 

increase E^^. This is because the critical magnetic field is 
a hard limit at which superconductivity fails and the 
cavity quenches;  whereas   E^,^   is a soft limit:  field 
emission can be decreased by maintaining better 
cleanliness and by high power processing. 

2 THE CODE AND GEOMETRY 
FOR CALCULATIONS 

We used for optimization the SLANS code [3]. This 
code has better accuracy in comparison with earlier 
URMEL code used for calculation of TESLA cavities. 
With SLANS we can expect accuracy better than 0.1 %. 

The profile line of the original TESLA cell is 
constructed as two arcs: elUptic and circular, and a 
segment of a conjugated straight Une between them (the 
dashed line in Fig. 1). It is felt that more intricate line 
could give better values of e and h. 

Between other approaches we examined [1], one was 
done with use of two elliptic arcs. The problem of a cavity 
electric strength led to the iris edge in a shape of an 
ellipse long ago [4]. This type of cavity has several 
features important for superconducting Nb cavities [5]. 
Let us apply an ellipse to the inductive part of the cell 
because now we have a problem of magnetic stiiength. 

After some optimization of the original geometry, the 
length of the straight interval conjugated to both ellipses 
appeared to be zero. So, we could describe the shape of 
the regular cell as two conjugated elUptic arcs. The 
aperture was taken as in the TESLA cell, /?„ = 35 mm. 

Supported by NSF 
*vs65 @ Cornell .edu 

0 20 40 60 2; mm 
Fig. 1. Optimization of the TESLA regular cell shape. 
Dashed line - the present shape, soUds - optimization 

with 2 elliptic arcs, & = 0,10, ...,50 %. 

3 RESULTS OF CALCULATIONS 
The process of optimization consists in searching a cell 

shape with a minimal value of the peak normalized 
surface field e in this cell. The result of optimization 
should be a function h{e), which should be a monotonous 
function,   and  from  physical   reasons   it   should  be 
decreasing. 

We tum to maximal electiic strength as a special case: 
maximal electric strength is achieved with the shape 
corresponding to the leftmost point on the curve h{e). 
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The results obtained by optimization can be used at any 
operation frequency because the values of e and h depend 
on the shape, not on the dimensions of the cavity. On the 
other hand, the value of the critical field H depends on the 
frequency and the choice of the working point on the 
curve of Fig. 2 can be different for different frequencies. 

•2       1 

•0.95 

0.9 
a 

I 0.85 
o 

0.8 

h goes down for lower ratios of the beam pipe radius to 
the wavelength {Rjk, Fig. 2). However, it is preferable 
to keep the same R^ to preserve low wakefields. 

The data presented on the Fig. 2 correspond to the 
regular cell of the structure. The end cells have somewhat 
different dimensions and their optimization should be 
discussed separately. 

■ Fields in TESLA regular cells (as reported) 

Ra'X =0.151 %    Our calculations of fields with SLANS 
for presented geometry 

Optimization with / 
6 arcs of circles 

/ 
B^I\<0.151 

■ (qualitatively) - 

Optimization with 
/ 2 elliptic arcs 

-^»s 

0.8 0.9 1 1.1 1.2 1.3 
Normalized manimal electric field, e 

Fig. 2. Optimization curve for TESLA-like geometry. 

1.4 1.5 1.6 

Our calculations showed that for the TESLA regular 
cell geometry [2] maximal fields differ slightly from the 
values of fields presented also there: the electric field is 
1.2 % below and magnetic field is 1.3 % below for the 
regular cells (see Fig. 2). The coupling coefficient k is 
obtained nearly the same: 1.87 %. 

For comparison the results are summarized in the Table. 
Values of cell-to-cell coupling and iris thickness are also 
presented. This thickness {d) becomes small for the 
biggest   Se    that   can   be   a   technological   problem. 

Distribution of the cell area over the electric field is 
presented in Fig 3 for the original TESLA shape and for 
the shape with 10 % less magnetic field. 

The parts of the curves corresponding to the field within 
90 ... 100 % of the maximal value are shown. The area 
under each curve corresponds to the portion of the whole 
cell surface having the given value of field. One can see, 
for example, that 1.6 % of surface has electric field within 
99.5... 100 % of the maximal value in case of the optimal 
cell. The original cell has 2.8 % of surface within the 
same range of the relative value of field. However, the 
maximal field is 1.2 higher in the case of optimized field. 
The consequence of this is a higher field emission current 
in spite of less area. For example, for the field 
enhancement factor yS = 200 and accelerating field 
E^^ = 35 MV/m the total field emission current will be 
2.7 times higher for the optimized cell. This is a payment 
for a lower magnetic field. 

With the simulation code MultiPac [6], it was shown 
that multipacting characteristics of the new cavity shape 
are not worse than of the original TESLA shape. 

Table. Se, Si - change of normalized electric and 
magnetic fields by optimization with two elliptic arcs, k - 
coupling coefficient, d - minimal distance between the 
walls of cells. 

Se,% Sh,% k,% d, mm 
0 -5.07 1.90 24.80 

+ 10 -7.92 2.10 18.30 
+20 -10.00 2.38 12.52 
+30 -11.36 2.64 8.14 
+40 -12.30 2.88 4.74 
+50 -12.99 3.06 2.18 

0.92 0.94 0.96 

Fig. 3. 

0.98 1 
E/Emax 

Distriburion of the cell surface area over the 
electric field. Solid line is for the original TESLA shape, 
dashed line - for the optimized cell with 10 % lower 
magnetic and 20 % higher electric field. A^ is the total 
surface area of the cell. 

4 FABRICATION 
Reentrant cups were successfully formed by deep 

drawing 3 mm thick RRR300 sheet niobium. It was 
critical to hold down the niobium blank sheet to the 
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female die with a right torque. A center hole (an inch in 
diameter) on the blank was found beneficial to achieve 
better material flow in the critical reentrant section. No 
intermediate annealing was done to the cups. Very good 
contour of the reentrant section was achieved by using the 
coining technique, although the reentrant section was not 
pushed deep enough after the first stamping step. In order 
to reduce the chances of cavity quench at high gradients, 
cups were purified with yttrium [7] to drive out oxygen 
and improve niobium thermal conductivity. Heat 
treatment was done at 1200°C for 4 hours with distributed 
yttrium foils in the vicinity of niobium surface. The RRR 
value was boosted to 500 after this purification. The cups 
were trimmed with standard milling process. Fig. 4 shows 
a pair of the trimmed niobium cups to be welded to beam 
tubes. We plan to electropolish the half-cell before the 
final equatorial weld. This desire has driven us to switch 
from our traditional "step weld" of 1/16" material to "butt 
weld" of thicker, 0.11", material. A new set of EBW 

parameters has been successfully developed and a very 
high quality weld with a negligible underbead was 
obtained. This is achieved by opening a small 
compensating groove on the inner surface at the equator, 
which holds the molten niobium and maintains its 
tensioned surface at the right place. Beam tubes are 
welded to the half-cells first. The welded parts would then 
go through heavy electropolish for a surface removal of 
more than 120 microns. This "half-cell electropoUsh" is 
the same as what we have done to some 1500 MHz 
cavities and half-cells [8]. The final equatorial weld of 
electropolished half-cells is done from outside and at full 
penetration with a niobium rod running across irises, 
which serves to intercept niobium vapor and spatter and 
prevents contamination to polished surface. The cavity 
would receive a light BCP, for a surface removal of about 
10 microns, before high-pressure water rinsing, following 
which will be RF tests. 

Fig. 4.1300 MHz reentrant cavity cups. Left cup: outside surface view, right cup: inside surface view. 

5 CONCLUSIONS 
The presented results can be used for an increase of 

accelerating rate of the TESLA structure where the hard 
limit for this increase is the surface magnetic field. One 
can, for example, sacrifice 20 % of electric field to gain 
10 % in magnetic field. 

Calculations show that the new shape should be free of 
multipacting. 

The change of the shape leads to some technological 
complications. Reentrant cups were successfully formed, 
heat-treated and prepared to electropolishing and welding. 
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Abstract 
The Laboratory for Elementary-Particle Physics, 

Cornell University, in collaboration with Jefferson Lab is 
exploring the potential of a Synchrotron Radiation User 
Facility based on a multi-GeV, low emittance, Energy- 
Recovery Linac (ERL) with a 100 mA CW beam[l]. The 
ERL injector will accelerate bunches from the electron 
source from 0.5 MeV to 5 MeV with minimal emittance 
growth. The injector and main linac of the ERL will be 
based on superconducting RF technology to provide CW 
operation. There will be one cryomodule with five 1300 
MHz 2-cell cavities, each providing one MV of 
acceleration, corresponding to an accelerating field of 
about 4.3 MV/m in CW operation. Besides standard 
features such as an integrated helium vessel and 
mechanical tuner, each cavity has two input couplers, 
symmetrically placed on the beam pipe to cancel kicks 
due to coupler fields. For a 100 mA maximum injected 
beam current, each coupler must deliver 50 kW of beam 
power leading to a Qext of 4.6 xlO"* for matched beam 
loading conditions. Antenna- and loop-based HOM 
couplers can disturb beam emittance through kicks. We 
plan to avoid the use of such couplers. Following the 
strategy for B-factory SRF cavities, the beam pipe 
aperture has been enlarged on one side to propagate all 
higher order modes out to symmetric ferrite beam pipe 
loads. These are positioned outside the helium vessel and 
cooled to liquid nitrogen temperature. Ferrite properties 
at 77 K have been measured and the corresponding 
damping evaluated. To explore the full capabilities of the 
injector, energy gains up to 3 MV per cavity will be 
considered at lower beam currents. For this flexibility, 
the input coupling needs to be adjustable by a factor of 9. 

1 INTRODUCTION 
Before committing to specific designs for a full energy 

ERL (a large machine with significant investment), it is 
essential that accelerator and technology issues be 
explored on a high current prototype machine. The first 
stage of the ERL project would be a 100 MeV, 100 mA 
(CW) prototype machine to study the energy recovery 
concept with high current, low emittance beams [2]. In 
the injector, a bunched 100 mA, 500 keV beam of a DC 
gun will be compressed in a normal-conducting copper 
buncher and subsequently accelerated by five 
superconducting (SC) 2-cell cavities to an energy of 5.5 
MeV. 

One attractive feature of a future linac-based Hght 
source is the low emittance beam from a high-brightness 

photo-emission electron gun. But the emittance must be 
preserved while the injector and main linac accelerate the 
beam. The goal is to have a beam with a normalized 
emittance of 2 mm-mrad. The injector system needs to 
deliver 500 kW to the beam through input coupUng 
devices, typically antennae that protrude into the beam 
pipe. More than a hundred watts of beam induced power 
must be removed through HOM couplers. Both power 
delivery and extraction must be accomplished without 
introducing emittance-diluting asymmetries. At the same 
time, flexibility is necessary so that RF focusing and RF 
bunching can be accomplished without destroying space 
charge compensation. The high current beam must also 
remain stable against transverse and longitudinal 
multibunch instabilities. High average current and short 
bunch length beams excite significant higher order modes 
(HOMs) which result in cryogenic load. Our design goal 
is to allow a maximum emittance growth of no more than 
10% total for five injector cavities [3]. 

The proto-ERL will require operation of 
superconducting cavities in two extreme regimes. In the 
injector, the high beam loading in the superconducting 
cavities requires a strong coupling to the fundamental 
mode coupler for high power transfer to the beam. In the 
main linac, the decelerated, re-circulated beam cancels the 
beam loading of the accelerated beam. Accordingly the 
main linac cavities must operate at a high external quality 
factor to minimize the RF power requirements. 

To explore whether energy recovery is more favorable 
for smaller ratios of final and input energies, the injector 
cavities will be also be operated at three times the 
nominal gradient to deliver 15.5 MV total, but at lower 
current. Such studies will also open the possibility of 
better emittance preservation in the low energy part of the 
accelerator. 

2 INJECTOR CAVITIES 
Table 1 Usts the properties of the superconducting 2- 

cell niobium structures, and Fig.l shows the basic 
cavity/coupler design. The cavity design is fiilly discussed 
in [4]. 

One source of the emittance dilution is through 
interaction of the beam with high Q transverse higher- 
order modes (HOMs). Especially dangerous are the 
lowest frequency dipole modes with frequencies below 
the cut-off frequency of the beam pipes. With the cavity 
shape proposed, even the lowest dipole mode propagates 
into the beam pipe where it can be adequately danced by 
ferrite absorbers lining the beam pipe. The frequencies of 
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all dipole and monopole modes are at least 10 MHz 
higher than the appropriate cut-off frequency of the beam 
pipe. Cornell [5] and KEK-B [6] employ a similar 
strategy against HOMs. 

Table  1:     RF properties of 2-cell superconducting 
cavities. 

Frequency 1300 MHz 

Number of cells 2 

R/Q 218 Ohm 
E,./E^ 1.94 
H,,/E^ 42.8 Oe/(MV/m) 
Coupling cell to cell 0.7% 

go ai2K >5xl0' 

Twin-Input coupler Q„, 4.6x10"/4.1x10' 

Accelerating voltage 1MV/3MV 
Max.  power transferred to 
beam 100 kW 

beam. The requirements here are far more demanding 
than in any existing system. A twin-input coupler reduces 
the kick ideally to zero. For a one mm offset between the 
two antenna locations, the kick is still more than a factor 
of 10 lower than the kick produced by a single coupler. 
Simulations show that a kick of this magnitude will be 
harmless to a low einittance beam [8]. 

A full description of the coupler is presented in [9]. 
The coupler will have two ceramic windows. One 
window is cold, tied to 80 K shield. This window with 
the "cold" part of the coaxial line will be attached to the 
cavity in a clean room thus sealing the cavity vacuum 
space. The "warm" coaxial line, waveguide-to-coaxial 
transition, and the "warm" ceramics will be attached in a 
process of the cryomodule assembly. 

Despite the presence of a large beam pipe to propagate 
out HOMs, the main cavity parameters are similar to 
those of the TESLA cavity. This was accomplished 
through the additional freedom of the cell length. The 
injector cavity has a thicker iris than in TESLA. The 
resulting cell-to-cell coupling is weaker (0.7 %), but still 
sufficient for two-cells. 

The simulation code MultiPac [7] was used to check 
multipacting characteristic of the optimized cavity. This 
cavity shape is free of one-point multipacting. The 
familiar two-point multipacting exists but it is weak since 
the electron energies are about 35 eV. 

3 INPUT COUPLER 
The external Q factor must be variable through the 

range from 4.6x10" to 4.1x10'. Such strong coupling 
usually demands a deep insertion of the antenna into the 
beam pipe, which enhances the kick problem. A twin- 
coaxial coupler [9] for the 2-cell SC cavities offers two 
advantages: (1) Ideally there is zero transverse kick to the 
beam traveling along the cavity axis and (2) it reduces the 
power load for each of its arms by a factor of two. The 
outer diameter of the coaxial Une is 62 mm and the 
impedance 60-Ohm to minimize heating of the inner 
conductor. The geometry of the antenna tip (Figure 1) is 
optimized to minimize penetration into the beam pipe. 

One of the possible sources of emittance dilution is a 
kick caused by non-zero on-axis transverse 
electromagnetic fields of fundamental power couplers in 
superconducting cavities. This effect is especially strong 
in the injector cavities, where a high average RF power 
per cavity must be coupled to a vulnerable low-energy 

Fig. 1. Geometry of the cavity with the fundamental mode 
excited in it and details of the coupler. 

4 HIGHER MODE COUPLERS 
With the method described in detail in [4] and extended 

for circular waveguides, the value of Qext of the lowest 
frequency dipole mode was found as gext, p = 250 for the 
parallel polarization. Due to the presence of the input 
couplers, the transverse polarization has lower frequency 
than the parallel one, but still propagates into the beam 
pipe and has 2ext,t ~ 1000. 

Strong damping of the HOMs is essential for beam 
stability and to reduce the HOM losses to a few hundred 
watts per meter. To achieve this demanding goal we plan 
to place RF absorbing material in the beam tubes between 
the cavities in the linac. However, this will require 
operating the HOM absorbers at temperatures below 80 K 
to simplify the thermal transition to the cavities at 2 K 
with low static losses to 2 K. One possible material 
candidate is feirite, as it is used at room temperature in 
the HOM absorbers in the SC CESR cavities. 
Experiments performed to study the RF absorption 
properties of ferrite at cryogenic temperamres in the 
frequency range from 1 GHz to 15 GHz show that the 
material is even more lossy than at room temperature. 

Using these ferrite properties in CLANS, first results 
show that the monopole HOMs are damped to Q values of 
less than 1000 with the exception of two modes near 5 
GHz [10]. 
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5 CRYOMODULE 
For the injector cryomodule, our plan is to closely 

follow the design of the TESLA cryomodule. 
Constraints for the input coupler design will be similar to 
those of the TTF3 coupler. There will be heat intercepts at 
4.2 K (cold He gas) and 80 K (either liquid nitrogen or 
cold He gas). The interface flanges, the length of the 
coupler as well as some other design features will be 
similar to the TTF3 coupler design. 
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FIRST STUDIES FOR A LOW TEMPERATURE fflGHER-ORDER-MODE 
ABSORBER FOR THE CORNELL ERL PROTOTYPE* 

M. Liepe^ B. Barstow, H. Padamsee, Cornell University, Ithaca, NY 14853, USA 
Abstract 

Cornell University, in collaboration with Jefferson Labo- 
ratory, has proposed the construction of a prototype energy- 
recovery linac (ERL) to study the energy recovery con- 
cept with high current, low emittance beams [1]. The 
beam with a current of up to 100 mA will excite significant 
higher-order-mode (HOM) power in the superconducting 
(s.c.) RF cavities with frequencies up to 100 GHz. Strong 
damping of the HOMs is essential for beam stability and 
to reduce the HOM losses to a few hundred Watts per me- 
ter. To achieve this demanding goal we plan to place RF 
absorbing material in the beam tubes between the cavities 
in the linac. However, this will require operating the HOM 
absorbers at temperatures below 80 K to simplify the ther- 
mal transition to the cavities at 2 K with low static losses 
to 2 K. One possible material candidate is ferrite, as it is 
used at room temperature in the HOM absorbers in the s.c. 
CESR cavities. In this paper we present experiments per- 
formed to study the RF absorption properties of ferrite at 
cryogenic temperatures in the frequency range from 1 GHz 
to 15 GHz. First results are shown and the resulting HOM 
damping is evaluated and discussed. 

INTRODUCTION 

In high current storage rings strong broadband HOM 
damping in superconducting cavities has been achieved by 
using beam-pipe ferrite loads, located at room-temperature; 
see [2] for CESR and [3] for KEK-B. Adopting the same 
damping concept for the ERL with RF absorbers between 
the cavities in a cavity string will require to operate the 
absorbers at a temperature of about 80 K. This tempera- 
ture is high enough to intercepted HOM power with good 
cryogenic efficiency, and 80 K is low enough to simplify 
the thermal transitions to the cavities at 2 K. However, the 
electro-magnetic properties of possible absorber materials 
like the ferrite TT2-111R [4] were not well known at cryo- 
genic temperatures. Therefore we started a measurement 
program at Cornell to answer the question if ferrite remains 
lossy at cryogenic temperatures. 

FERRITE RF PROPERTIES AT 110 K 

The complex e and ^ properties of a ferrite material 
called TT2-11IR were measured at room temperature and 
at approximately 110 K in the frequency range 1 to 15 GHz. 
These properties were measured with a vector network an- 
alyzer using a technique suggested by Nicholson and Ross 
[5] and documented by Hewlett Packard [6]. 

* Work is supported by Cornell University. 
t mul2@comell.edu 
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Figure 1:  Schematic of low temperature EM properties 
measurement apparatus. 

Measurement Setup 
High frequency voltages were applied to a ferrite sam- 

ple and the amplitude and phase of the reflected and trans- 
mitted waves were measured with a vector network ana- 
lyzer. The normalized amplitude and phase of these waves 
are called the S parameters. From these S parameters the 
complex € and // values of the sample were inferred. A 
schematic of the experiment is shown in Figure 1. A 12 
inch long coaxial waveguide with an outer conductor di- 
ameter of 7 mm and inner conductor diameter of 3 mm 
was used to hold the ferrite sample. A coaxial line, un- 
like a rectangular waveguide can support a wide range of 
radiation frequencies in a single propagation mode. Our 7 
mm coaxial line can support radiation in a single frequency 
mode up to 18 GHz. To ensure that the microwave reflec- 
tions from the interface between the cables and waveguide 
sample holder were minimized, the connector interfaces on 
the end of the sample holder were carefully machined. 

A cooling clamp was attached to the center of the sam- 
ple holder where the sample is situated. A finger pro- 
trudes from the clamp into a bath of liquid nitrogen to 
cool the sample. ANSYS and analytical calculations in- 
dicated that the center of a 12 inch long sample holder may 
have a temperature close to that of the Uquid nitrogen bath 
(w — 165°C) while the ends would be closer to room tem- 
perature (« —60°C) . This temperature gradient ensured 
that no damage occurred to the dielectric filled flexible ca- 
bles that took microwave power from the network analyzer 
to the sample. It also minimized thermal deformation of 
the metallic connectors, ensuring minimal change of their 
physical state from the one they were calibrated at. To pre- 
vent ice formation on any of the cooled electronics, the ex- 
periment was housed under positive pressure in a nitrogen 
atmosphere. 

0-7803-7738-9/03/$17.00 © 2003 IEEE 1320 
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Ferrite Samples 
High quality material samples were needed to achieve 

reproducible, results with low systematic errors. It is nec- 
essary to have very good contact between the ferrite beads 
and the inner and outer conductors of the coaxial line. Sev- 
eral ferrite beads were carefully fabricated from tiles of 
TT2-111R. Those that most closely matched the dimen- 
sions of the sample holder were selected and used in the 
experiment. 

Beads with an inner diameter slightly too small for the 
inner conductor were preferred. The inner conductor of 
the sample holder was cooled with LN2 and the bead was 
forced along the line to its center. This ensured good con- 
tact between the sample and holder at 100 K and excellent 
contact at room temperature. 

Calibration 
The built in full 2 port calibration algorithm was used 

to calibrate the network analyzer. The isolation calibra- 
tion routine was not used because of anecdotal evidence [7] 
suggesting that the network analyzer set up becomes overly 
sensitive to movements of the cables when this calibration 
is performed. It is necessary to correct the phase of the S 
parameters recorded by the network analyzer due to addi- 
tional phase picked up as the microwaves propagate along 
the sample holder away from the sample. To do this one 
must know precisely the distance of the sample from the 
phase reference planes established during the network ana- 
lyzer calibration. This distance was first measured approx- 
imately using a depth gauge. The insertion distance was 
then refined by comparing the phases of the reflected sig- 
nals measured at either port of the network analyzer. The 
two phases should be identical, so the difference between 
them was minimized by varying the assumed insertion dis- 
tance of the sample. 

Measurements and Results 
A number of room temperature S parameter data sets 

were then acquired. Gaseous nitrogen was pumped into the 
box. LN2 was then poured into the reservoirs. The temper- 
ature of the middle of the line, where the sample is held, 
and the ends of the lines were measured. The measure- 
ment apparatus was then allowed to cool to its final, quasi 
equilibrium temperature before S parameter measurements 
were taken again. 

Due to finite propagation time of signals in the setup and 
the wide frequency range over which the S parameters were 
measured it was found that the network analyzer receiver 
fell out of phase with the transmitter, resulting in an ar- 
tificially attenuated transmission. To avoid this problem, 
a wide receiver bandwidth of 3 kHz and slow sweep over 
a short frequency range were used. Two data sets were 
taken, with 801 frequency points from 1 to 10 GHz, fol- 
lowed by another 801 frequency points from 8 to 18 GHz. 
The two data sets were merged following collection of the 
data. Good continuity was found between the data sets. It 
is believed that the presence of the ferrite sample in the line 

caused excitation of higher order modes above 15 GHz, in- 
validating all measurements of the S parameters above this 
frequency. 

The S parameters were converted to complex e and /i val- 
ues following the algorithm outlined by Hartung [8]. Mul- 
tiple S parameter data sets spanning the range 1 to 18 GHz 
were collected at room temperature and w 110 K. The dif- 
ferent data sets were then averaged and filtered to smooth 
out ringing due to microwave reflection from the ends of 
the sample holder. The final results are shown in Figure 2 
(next page). 

EVALUATION OF HOM DAMPING 

A Simple RF Absorber Model 
For a first evaluation of the efficiency of the investi- 

gated TT2-11IR ferrite, we used the simple planar absorber 
model shown in Figure 3. It is assumed fliat a TEM in- 
cident wave is propagating in positive ^-direction towards 
the ferrite material (which extends to infinite in x- and y- 
direction). Based on the measured ferrite properties at 110 
K, an absorber efficiency rj = Pabsorbed/Pinddent can be 
calculated, see Figure 4. As can be seen, the absorber is 
highly efficient at low temperatures in the frequency range 
in which the material properties have been measured so far. 

Vacuum Absorber Metal 

z 

Figure 3: Absorber model. 

1 f ^ 
1 --- 

« 
6 8        10 

f GHz] 

Figure 4:  Absorber efficiency for a TT2-111R absorber 
with d = 2 mm thickness at 110 K. 

ERL Injector Cavities 
The finite element code CLANS has been used to cal- 

culate the damping of monopole modes by the ferrite ab- 
sorbers in the injector cavities of the Comell ERL proto- 
type (refer to [9] for details). CLANS uses a complex eigen 
solver to calculate modes in an RF structure in the presence 
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Figure 2: Complex e and fi values of TT2-11IR. 

of an RF absorbing material. The measured complex e and 
H values of TT2-111R at 110 K were input into CLANS 
to describe the absorber properties in the numerical calcu- 
lations. In the ERL injector the beam will be accelerated 
by five 2-cell cavities [10]. The presence of a 10 cm long 
ferrite ring-absorber between each cavity and at the ends 
of the cavity string was considered in the simulations. The 
obtained damping factors, represented via the quality factor 
Q = uU/Paiss, are shown in Figure 5. As intended, the 
fundamental mode passband is not propagating through the 
tubes, thus the fields at the absorbers are small and these 
modes are not significant damped by the ferrites. How- 
ever, all other TM monopole modes are propagating, and 
their low quality factors show the strong damping by the 
absorber material. 

FUTURE PLANS 
We will extend the measurement of the absorber proper- 

ties to 40 GHz by using rectangular waveguides as sample 
holders. Using different size waveguides will ensure that 
only one propagation mode is supported during a measure- 
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Figure 5: Calculated damping of TM monopole modes by 
ferrite ring-absorbers in the superconducting injector cavi- 
ties of the ERL prototype. 

ment in a certain frequency range. Absorber samples made 
of different ferrite types have been ordered and their RF 
losses will be compared to find the optimal broadband RF 
absorber for the Cornell ERL prototype. 

CONCLUSIONS 
The EM properties of the ferrite TT2-111R have been 

measured at 110 K and 300 K in the frequency range 1 to 
15 GHz. In this frequency range TT2-111R is even more 
lossy at cryogenic temperatures than at room temperature, 
and therefore is a promising material for an RF absorber in 
the Cornell ERL prototype. 
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NEW POSSIBILITIES FOR SUPERCONDUCTING CAVITY TESTING AT 
CORNELL UNIVERSITY* 

M. Liepe^ P. Barnes, I. Bazarov, S. Belomestaykh, R.L. Geng, 
H. Padamsee, J. Sears, Cornell University, Ithaca, NY, 14853, USA 

J. Knobloch, BESSY, D-12489 Berlin, Germany 

Abstract 

Cornell is testing superconducting cavities for many dif- 
ferent purposes: system development for CESR, support- 
ing technology transfer of CESR SRF systems to storage 
ring light sources around the world, collaboration with the 
world-wide TESLA project, collaboration with Muon Col- 
lider/Neutrino Factory projects, developing an Energy Re- 
covery Linac (ERL) based synchrotron light source in col- 
laboration with TJNAF, and basic cavity R&D in the areas 
of high Q, high field Q-slope and field emission. 

For this Cornell has upgraded its preparation and test fa- 
ciUties and now has the capabilities to test s.c cavities with 
frequencies between 200 MHz and 3 GHz. Three radiation- 
shielded test pits have been built. The largest pit has a size 
of 2.4 m diameter by 4.4 meter deep. In addition to the ex- 
isting RF test system at 500 MHz, 1.3 GHz and 1.5 GHz, a 
200 MHz low power (2 kW) RF test system has been com- 
pleted [1]. The high-power 1.3 GHz test system as well as 
the cavity preparation facility are presently being upgraded 
to incorporate TESLA 9-cell cavities. A new 1000 sq ft 
clean room is in operation for improved cavity preparation. 

NEW FACILITIES 

In a two year effort Cornell University has upgraded its 
cavity preparation and test facilities. A new clean room and 
cavity test pits give the unique capabiHty to test supercon- 
ducting RF cavities with frequencies as low as 200 MHz or 
a length of more than 2 m. 

Cavity Test Pits 

In a new cavity test area three test pits of different sizes 
have been excavated. 

• Small test pit: 1 m diameter by 2.9 m deep for 1.5 
GHz and higher frequency cavity tests. 

• Medium test pit: 1.6 m diameter by 3 m deep for 500 
MHz and 1.3 GHz cavity tests. A waveguide can be 
connected to the 1.3 GHz insert for pulsed high power 
tests. 

• Large test pit: 2.4 m diameter by 4.4 m deep for 200 
MHz and 1.3 GHz multicell cavity tests. Also this pit 
can be connected to the 1.3 GHz klystron for pulsed 
high power tests. 

The small and large size pits are shown in Figure 1. A 
radiation shielding block with 90 tons of high density con- 
crete can be moved over a selected pit during cavity test 
while the other two pits are accessible for cavity installa- 
tion or removal. Up to three cavity tests within one week 
have been done with this new test facility. 

Figure 1: Test pits for various size cavities. Shown is the 
small and the large pit. Not shown is the medium size pit. 

Clean Room 

For improved cavity preparation a new clean room with 
a total size of about 1000 sq ft has been installed; see Fig- 
ure 2. With 262 sq ft of class 1,000 area and 704 sq ft of 
class 100 area this clean room allows to prepare cavities 
for cw performance tests and to assemble whole cryostats 
with a length up to about 5 m. A high temperature high 
vacuum furnace for cavity post-purification and a high- 
pressure rinsing system for cavity cleaning are placed in- 
side the clean room. 

* Work is supported by the National Science Foundation, 
t mul2@comell.edu 

Figure 2: New 1000 sq ft clean room. 
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HPR System 

A new high-pressure (up to 900 psi) water rinsing system 
has been built and installed in a class 100 area of the new 
clean room; see Figure 3. While the cavity is moving up 
or down, a nozzle head rotates to clean the inner cavity 
surface. Ultra-clean water is filtered once more directly 
before the nozzle head by a 0.1 /xm teflon particle filter. The 
rinsing system has been designed to incorporate cavities 
from 1.5 GHz up to 500 MHz. With a travel range of about 
120 cm, multicell cavities like a TESLA 9-cell cavity can 
be rinsed in one step. 

10 20 30 40 
accefeiating giadient MV/ft»] 

Figure 4: Cw performance of a 1.3 GHz electropolished 
single-cell cavity (EP done at CERN). 

Figure 3: New high-pressure water rinsing system. 

CAVITY TEST SYSTEMS 

200 MHz 

The proposed neutrino factory and muon collider ask for 
RF cavities operating at a frequency near 200 MHz for 
rapid acceleration of muons [2]. One scenario is to use 
superconducting RF cavities [3]. The desired accelerating 
gradient is 17 MV/m at an unloaded quality factor of 6 • 10^. 
Since there was no superconducting RF experience at 200 
MHz, an R&D program was started. Two 200 MHz single 
cell eUiptical Nb sputtered Cu cavities have been fabricated 
by CERN at tested at Cornell University. Figure 6 shows a 
200 MHz cavity mounted on the test insert for a cw cavity 
performance test in the large test pit. A 2 kW cw RF am- 
plifier is available to power the cavity during test. Several 
tests have be done so far; refer to [1] for details. 

500 MHz 

The 500 MHz cw cavity test insert with a cavity mounted 
is shown in Figure 6. A 500 W cw amplifier is used to drive 
the cavity during a performance test. In the past years this 
insert was used for cavity qualification tests prior to the 
installation of a cavity in a cryostat. In the future we plan 

to test Nb sputtered 500 MHz cavities to continue the work 
on sputtered SRF cavities. 

For a full system test a 500 MHz horizontal cryostat test 
facility is in operation with a 600 kW cw klystron to power 
the cavity. All CESR cryostats are tested to verify their 
performance before installing them in the CESR ring. 

1300 MHz 
About 10 years ago the work on s.c. 1.3 GHz cavities 

for the proposed TESLA linear collider was started at Cor- 
nell. A cavity test insert for low power cw test and high 
power pulsed test was built, see Figure 6. Via a waveg- 
uide the cavity under test can be powered from a cw 200 
W amplifier or a 2 MW pulsed klystron. High peak power 
processing allowed to reach record high fields in the early 
days of these studies. Today's improved cavity preparation 
allows to reach high fields during a performance test with- 
out any X-rays, see for example Figure 4. 

Since the "old" 1.3 GHz insert is limited to 1 to 5 cell 
cavities a new 1.3 GHz cavity insert with waveguide cou- 
pler is under construction; see Figure 5. This new setup 
will allow to test cavities with a length of up to 2 m, e.g. 
TESLA 9-cell cavities. 

Figure 5: Sketch of the 1.3 GHz cavity insert under con- 
struction. 
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Figure 6: Cavity test inserts for various frequencies. From left to right: 200 MHz system, 500 MHz system, 1300 MHz 
system and 1500 MHz system. 

1500 MHz 

The 1500 MHz single-cell cw test system (see Figure 6) 
is used frequently for basic cavity R&D. With its tempera- 
ture mapping system [4] it provides a powerful tool to study 
the high field behavior of SRF cavities. Recent studies fo- 
cused on the high-field Q-drop and electropolished cavi- 
ties [5]. 

FUTURE PLANS 

Comell will continue its work in basic SRF cavity R&D 
as well as in RF system development. While in the last 
years the primary effort of the SRF program was the devel- 
opment, construction, installation and operation of the 500 
MHz CESR SRF system, in the upcoming years we will 
broaden our high gradient, high Q cavity studies for future 
light sources and the proposed TESLA linear collider. Cor- 
nell University, in collaboration with TJNAF, has proposed 
the development and construction of an Energy Recovery 
Linac (ERL) based synchrotron light source [6]. Such a 
machine offers superior x-ray beams compared to storage 
ring sources due to a significantly better beam quality. In 
order to develop the required technology and to demon- 
strate the feasibility of a high current, low emittance ERL 
we are proposing the construction of an 100 MeV, 100 mA 
ERL prototype at Comell [7]. Central parts of this machine 
are the superconducting injector linac with 2-cell cavities 
and the main linac with energy recovery. Many challenges 
like the cw cavity operation at high gradients, HOM damp- 
ing, emittance preservation, high cw power input couplers 
and RF field control needs attention to develop the SRF 
system for the ERL prototype. With the new SRF facilities 
we have the infrastructure to address these challenges, and 
work is in progress; refer to [8,9,10,11, 12,13, 14,15]. 
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MICROPHONICS DETUNING IN THE 500 MHz SUPERCONDUCTING 
CESR CAVITIES* 

M. Liepe^ and S. Belomestnykh, Cornell University, Ithaca, NY 14853, USA 
Abstract 

The RF system of the Cornell Electron Storage Ring 
(CESR) consists of four superconducting (s.c.) 500 MHz 
cavities. For a charm-tau upgrade (CESR-c, see [1]) we 
plan to drive two cavities by one klystron and to operate 
some cavities in passive mode [2]. 
During the previous high energy run the RF system perfor- 
mance was not significantly affected by microphonic cav- 
ity detuning, since the cavities were operated under strong 
beam loading with a low loaded quality factor of 2-10^. 
However, in low energy CESR-c operation vvith increased 
loaded Q-factor the RF system becomes less tolerant to 
microphonics, especially when two cavities are driven by 
one klystron. In order to address this potential problem we 
have studied microphonics in the CESR cavities in detail. 
Significant improvements have been achieved by reducing 
major contributions to the detuning. For further improve- 
ments we plan to study the performance of an active mi- 
crophonics compensation scheme, which is based on a fast 
piezoelectric-driven frequency tuner. 

INTRODUCTION 

Environmental microphonic noise can cause fluctuation 
of the cavity resonance and as a result produce amplitude 
and phase modulations of the cavity field, which then can 
affect beam quality or RF system performance. This is es- 
pecially true for high-Q superconducting cavities. Though 
this noise was an issue when the very first s.c. cavity has 
been installed in CESR [3], it was drastically reduced later 
and is not considered a limiting factor in the present config- 
uration of the CESR RF system with external cavity quality 
factors of approximately 2-10^. 
However, as CESR is being modified for operating at lower 
energies, there will be changes in the RF system parameters 
and configuration [4]. First of all, two out of four s.c. cav- 
ities will be operated in a passive mode (i.e. driven only 
by the beam current) at high voltage and external quality 
factor [2]. Second of all, the remaining two active cavities 
will have to operate at significantly higher Q^^t (6 • 10^ to 
1.2 • 10®) than at present. Hence we need to reassess the 
influence of microphonics. 
Microphonics influence on the beam quality via the ac- 
tive cavities should be negligible as RF feedback loops are 
taking care of the cavity field stability. The issue here is 
the RF system performance. Bigger RF power overhead 
is required to compensate for the microphonics detuning. 
Suppose the cavity is tuned to compensate the reactive 

* Work is supported by the National Science Foundation. 
tmul2@comell.edu 

beam loading, then the required forward power Pf from 
the klystron is 
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ifQe ;{[ 14- 
hnQe 
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'2Qea:t<^Wm]2 

U> ]} 
(1) 

Here Vc is the cavity voltage, lb is the average beam cur- 
rent, ^s is the synchronous phase, 6uJm is the amplitude of 
the microphonic noise, and w is the RF frequency. At full 
beam loading (i.e. matching conditions) the relative contri- 
bution of the microphonics to the power demands is then 

SPf _ fQextSuJm\ 

Pf       \       u       ) (2) 

Accordingly 42 Hz microphonics at the external Q of 
1.2 • 10® results in 1% of forward power fluctuation. Since 
a fluctuation of a few percent can be tolerated, keeping the 
peak microphonic detuning below 100 Hz is desirable for 
the CESR-c cavities. 
In the passive cavities microphonic noise will cause ampli- 
tude and phase modulation of the cavity vohage [5], which 
in turn will affect the bunch length. While phase modu- 
lation for the CESR-c conditions is reasonably small, the 
voltage amplitude modulation can be significant. In passive 
operation the cavities are detuned by several bandwidths 
(Aw > cavity bandwidth) [2], and for this condition the 
field amplitude modulation due to microphonics is given 
by 

\SVc\ 2V,5uJm 
Vc 

We find that a microphonics amplitude of 30 Hz gives a 
1 % voltage amplitude fluctuation. A fluctuation of a few 
percent can be tolerated with respect to the resulting bunch 
length modulation. Accordingly keeping the peak micro- 
phonic detuning below 100 Hz is desirable also for the pas- 
sive cavities in CESR-c. 

MICROPHONICS STUDIES AND 
REDUCTION 

Since microphonic cavity detuning is a potential lim- 
iting factor during CESR-c operation, we started a mea- 
surement program to study the microphonics levels in the 
CESR cavities in detail. A typical measured fluctuation 
of the 500 MHz mode frequency of a CESR cavity (cav- 
ity E2) is shown in Figure 1. We identified two significant 
contributions to the measured fluctuation of the accelerat- 
ing mode frequencies: 

• The slow frequency tuner excites vibration of the cav- 
ity.  The tuner is driven by a stepping motor and is 
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used to compensate slow drifts of the cavity eigen fre- 
quency. A sequence of steps of the stepping motor has 
a step frequency of several 10 Hz. If this frequency 
matches a mechanical resonance of the cavity-cryostat 
system, strong mechanical vibrations can be excited, 
which then can result in a modulation of the 500 MHz 
electrical resonance frequency; see Figure 1 and Fig- 
ure 2. In the example shown, a mechanical resonance 
at about 75 Hz is excited by a sequence of motor steps; 
see also Figure 6. 

• The second contribution to the measured cavity mi- 
crophonics is not due to vibration of the cavity itself, 
but results from a phase modulation of the 500 MHz 
CESR reference signal; see Figure 3. Cleary visible 
are sidebands at frequencies / = 500MHz±n- 120Hz. 
Since the RF feedback loops measure the phase of 
the RF field with respect to the 500 MHz reference 
signal, it appears as if the 500 MHz electrical cav- 
ity resonance frequency is fluctuating with frequen- 
cies / = n • 120Hz; see Figure 2. 

0      020AOSOS1      121Al£ia2 
time [s] 

Figure 1: Top: Huctuation of the 500 MHz mode fre- 
quency of cavity E2 before improvements have been made. 
The peak cavity detuning is 150 Hz, the fluctuation is 27 
Hz rms. Bottom: Stepping motor activity of the slow fre- 
quency tuner during the same time interval. Each impulse 
marks a motor step. 

The microphonics measurements showed rms amplitudes 
of 20 to 30 Hz and peak microphonics amplitudes of about 
150 Hz for the four CESR cavities. The peak values are 
above our 100 Hz goal for the low energy CESR-c op- 
eration, and a reduction of the microphonics levels was 
needed. Since we had identified two major contributions 
to the cavity microphonics, a logical step was to reduce 
these sources. To avoid vibration excitation by the slow fre- 
quency tuner the step sizes of the motor have been reduced. 
As a result of this, the cavity is now tuned smother with a 
faster sequence of smaller steps, and the excitation of me- 
chanical resonances is reduced significantly; see Figure 4. 
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Figure 2: Measured microphonics spectrum. Top: Fourier 
transform of the cavity detuning signal shown in Figure 1 
(before improvements have been made). Bottom: Fourier 
transform of the cavity detuning signal shown in Figure 4 
(after improvements have been made). 
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Figure 3: Spectrum of the 500 MHz CESR reference signal 
before improvements have been made. 

The sidebands of the 500 MHz reference signal were elim- 
inated by improving the grounding of the RF signal gener- 
ation hardware; see Figure 2. Due to these steps the micro- 
phonics levels in the CESR cavities were reduced by about 
a factor of two. Typical rms values are now 15 Hz with 
peak microphonics amplitudes of about 60 Hz, i.e. well be- 
low the CESR-c requirements. 

FUTURE PLANS 

After eliminating major sources of the microphonic cav- 
ity detuning, fiirther reduction of the frequency fluctua- 
tion can be achieved by using a fast active compensation 
scheme. Piezo-electrlc elements are frequently used for vi- 
bration damping, and have been used to drive a fast cav- 
ity frequency tuner [6]. To investigate a fast frequency 
tuning scheme for the CESR cavities, piezo-elements have 
been integrated into the tuning frame of the slow stepping- 
motor driven frequency tuner; see Figure 5. In order to 
design a feedback loop for fast detuning compensation, it 
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Figure 4: Top: Fluctuation of the 500 MHz mode frequency 
of cavity E2 after improvements have been made. The peak 
cavity detuning is 60 Hz, the fluctuation is 14 Hz rms. Bot- 
tom: Stepping motor activity of the slow frequency tuner 
during the same time interval. Each impulse marks a motor 
step. 

is essential to identify the dynamics of the system. Fig- 
ure 6 shows the measured transfer function from the piezo 
drive signal to the cavity detuning measured at cavity E2. 
Clearly visible are mechanical resonances above 40 Hz, 
with the strongest resonance at about 75 Hz. Note that the 
75 Hz resonance is excited by the steps of the slow fre- 
quency tuner during the microphonics measurement shown 
in Figure 1 and 2. Because of the low frequency reso- 
nances feedback control will be challenging and a complex 
control algorithm will be required. A digital control sys- 
tem is presently under development [7] and will provide 
the needed computational capacities for a digital controller. 
Once the hardware is finished we plan to study the perfor- 
mance of a fast microphonics compensation controller. Be- 
side a further reduction of the microphonic cavity detuning 
at the CESR cavities, we hope to benefit from this experi- 
ence when designing a fast frequency tuner for the cavities 
of the proposed Cornell ERL prototype [8, 9], where low 
microphonics amplitudes are essential [10]. 

150 

50 100 
frequency [IHz] 

150 

Figure 5: CESR cryostat with piezo frequency tuner. 

Figure 6: Transfer function from the piezo drive signal to 
the cavity detuning measured at cavity E2. Top: amplitode. 
Visible are mechanical resonances above 40 Hz. Bottom: 
phase. 

CONCLUSIONS 

For the low energy CESR-c operation microphonics am- 
plitudes in the four s.c. cavities below 100 Hz are desirable. 
Detailed studies of the microphonics levels and frequency 
spectrum enabled us to identify major contributions to the 
frequency fluctuation. Eliminating these sources reduced 
the microphonics amplimdes by a factor of two to a level 
well below the CESR-c requirements. Further reduction 
appears feasible by using a fast active detoning compen- 
sation scheme based on a piezo-electric driven frequency 
tuner. 
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RF PARAMETER AND FIELD STABILITY REQUIREMENTS FOR THE 
CORNELL ERL PROTOTYPE 

2-ceUSC 
injector cavity 
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M. Liepe*and S. Belomestnykh, Cornell University, Ithaca, NY, 14853, USA 
Abstract 

Cornell University, in collaboration with Jefferson Labo- 
ratory, has proposed the construction of a prototype energy- 
recovery linac (ERL) to study the energy recovery con- 
cept with high current, low emittance beams [1, 2]. The 
ERL will require the operation of superconducting cavi- 
ties in two extreme regimes. In the injector a multi-mA 
beam is accelerated to several MeV energy. The resulting 
high beam loading in the superconducting cavities requires 
a strong coupling of the fundamental mode coupler and a 
high power transfer. The dominating sources of field per- 
turbation in the injector cavities are beam transients and 
beam current fluctuations. In the main linac the deceler- 
ated recirculated beam cancels the beam loading of the ac- 
celerated beam. Accordingly these cavities are operated at 
a high external quality factor to minimize the RF power re- 
quirements. Microphonic cavity detuning and path length 
fluctuations significantly increase the RF power demands. 
In this paper an overview of the prototype RF system is 
given and the RF power demands and field stability require- 
ments are discussed in detail. 

5;> 

ISOkWCW 
.,     -^^° cimilator 

Figure 1: Schematic view of the ERL injector RF system. 
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OVERVIEW 
The schematic of the injector RF system is shown in Fig- 

ure 1 (see also [3]). A bunched 100 mA, 500 keV beam 
of a DC gun wiU be compressed in a normal-conducting 
copper buncher and subsequently accelerated by five super- 
conducting (s.c.) 2-cell cavities to an energy of 5.5 MeV. 

The main linac with energy recovery is based on five su- 
perconducting 9-ceU cavities, each with its own field con- 
trol system and klystron; see Figure 2. 

INJECTOR CAVITIES 
Buncher Cavity: 

The buncher cavity is a normal-conducting single-cell 
cavity made of copper. It is used to produce a correlated 
energy variation of about 10 keV along a ag^n = 12 ps, 
500 keV bunch coming from the gun. This will shorten the 
bunch to ainj = 2.3 ps in a drift space between the buncher 
cavity and first superconducting cavity. The RF properties 
[4] of the buncher cavity are listed in Table 1. 
Power requirements: In order to maximize the energy 
variation along the the bunch at a given cavity accelerating 
voltage Vacc< the beam passes the buncher cavity -90° off- 
crest, i.e. during zero-crossing. The RF power required to 
maintain a constant field in the cavity is then given by 

level RF 
WR650 circulator 

fl SM-B- 

Figure 2: Schematic view of the ERL main linac RF sys- 
tem. 

where /3 = Qo/Qext is the coupling factor of the input 
coupler, Wc is the cavity eigenfrequency and w is the RF 
frequency of the driving power. It is desirable to minimize 
the required RF drive power with and without beam pass- 
ing the cavity. The short ion-clearing gaps in the beam train 
will not allow to retune the cavity for beam/ no beam con- 
ditions. In both cases a minimum RF power of 5.2 kW is 
required, if the frequency of the cavity is mned to 1.3 GHz 
+ 57 kHz, and if the coupling factor of the input coupler is 

Ps 
_   'ace (1 + ^)^ 

4/? -{.+ Ql 
(1 + /3P 

mul2@comell.edu 

(1) 

Table 1: RF properties of the ERL cavities. 
buncher 2-cell 9-cell 
cavity injector main linac 

Frequency 1300 MHz 1300 MHz 1300 MHz 
Num. of cells 1 2 9 
R/Q 210.5 n 218 n 1036 n 
Qo 20,000 > 5 ■ 10« > 1 ■ 10" 
Qext 9,900 4.6 • 10* 

(4.1 • 10^) 
2.6 • 10^ 

Ace. voltage 120 kV 1MV(3MV) Ki2lMV 
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yS = 2.02. To account for waveguide losses and power 
overhead for control we shall add 30 % to this number. 
Thus the required unsaturated output power of the klystron 
driving the buncher cavity is 6.8 kW. 

2-Cell S.C. Cavities: 
Downstream of the copper buncher the beam will be ac- 

celerated by five superconducting 2-cell cavities (see [5]) 
to 5.5 MeV (up to 15.5 MeV for special studies). The beam 
passes these cavities on-crest at small bunch charges and 
slightly off-crest ( up to 15°) for a 77 pC bunch charge to 
compensate space charge effects. The RF properties of the 
S.C. injector cavities are summarized in Table 1. 
Power requirements: With optimized (matched) input 
coupler coupling the required RF drive power for a su- 
perconducting injector cavity is simply given by the power 
transferred to the beam: P= Vacck = 1 MV • 0.1 A = 100 
kW. Increasing this number by 30 % for waveguide losses 
and control overhead yields 130 kW as required klystron 
output power per cavity. As mentioned above, this requires 
matched coupUng of the input coupler with 

  Vgcc 
opt —   J>j , 

gift cos 06 
(2) 

Assuming on-crest acceleration this gives 4.6 • lO* for the 
baseUne energy gain of 1 MeV per cavity and 4.1 • 10^ 
for a 3 MeV operation with 33 mA beam current. These 
relativly low values reflect the strong beam loading in the 
injector cavities. Because of the resulting large bandwidth, 
microphonics cavity detuning (usually well below 50 Hz) 
will give no significant increase in the RF power demand. 

Stability Requirements: 
Amplimde fluctuations of the buncher cavity voltage will 

affect the resulting bunch length. It is desirable that the 
bunch length does not fluctuate more than 0.1 ps (rms). 
This results in a modest amplitude stability requirement of 
8 • 10-3 (rms). 

The intra-bunch energy spread behind the injector is 
about ffinj = 10 keV for 5.5 MeV, 77 pC bunches (dom- 
inated by space charge effects [6]). It is desirable for the 
bunch-to-bunch energy fluctuation (bunch centroid energy) 
at the end of the injector to be well below the intra-beam 
energy spread. Then the total energy spread of the beam 
is dominated by the latter. The gun laser timing jitter, the 
buncher cavity as well as the five superconducting injector 
cavities contribute to a bunch-to-bunch energy variation in 
the injector. We have to separate between uncorrelated and 
correlated (from cavity to cavity) errors. For the ERL injec- 
tor cavities the 100 mA beam loading will be dominating 
field perturbation, which will cause correlated field errors. 
Accordingly, we shall consider correlated field errors in the 
injector cavities. A stability of 2 ps rms is achievable for 
the gun laser timing jitter. This jitter is compressed by the 
buncher cavity to 0.1 ps ( 0.047° phase error at 1.3 GHz). 
The resulting energy error in the buncher and the five SC 

injector cavities (for 15° off crest acceleration) is 0.87 keV. 
We require that the bunch-to-bunch energy flucmation is in- 
creasing the total energy spread at the injector by less than 
20%, i.e. to a total of 12 keV rms. Accordingly, the maxi- 
mum bunch-to-bunch fluctuation is 6.6 keV Quadratically 
subtracting 0.87 keV contribution of the gun timing jitter 
will allow for 4.7 keV energy spread contribution of the 
phase errors and amplitude errors each. Considering that 
the phase errors of the buncher cavity and the five injector 
cavities contribute equally, this gives a maximum allowable 
energy fluctuation of 2.35 keV rms from phase errors. Ta- 
ble 2 summarizes the resulting stability requirements in the 
injector. For more details refer to [7]. 

S.C. MAIN LINAC CAVITIES 
In the main linac a 100 mA beam is accelerated by five 

superconducting 9-cell TESLA-style cavities (baseline lay- 
out) to a final energy of about 105 MeV (assuming 5.5 MeV 
injection energy), while the recirculated beam is deceler- 
ated from 105 MeV to 5.5 MeV. Each cavity is operated 
at an accelerating cw gradient of about 20 MV/m. The RF 
properties of the linac cavities are summarized in Table 1. 

Depending on the machine-operating mode, the beam 
will pass these cavities on-crest or slightly off-crest [6]: 
(1) Minimum energy spread operation: On-crest beam ac- 
celeration results in a minimum intra-bunch energy spread 
ofa»50keV. 
(2) Low emittance operation: Off-crest acceleration by 
about -15° gives minimum CSR emittance growth. 
(3) Short-bunch operation: Off-crest acceleration by about 
15° for bunch compression in the Bates magnets results in 
a bunch length of about 100 fs. 
Power requirements: Since the beam loading of the accel- 
erated and decelerated beam cancel, ideally there is no ef- 
fective beam loading for the accelerating cavity mode. The 
required RF power to maintain a given accelerating voltage 
Vacc is then 

Pa = 
y2 
* acc fj       fAuj2Qext 

Uc n (3) 

We see that the maximum power is determined by the peak 
microphonics cavity detuning Aw = Wc — w during cav- 
ity operation; see Figure 3. Therefore passive and active 

Table 2: RF stability requirements in the injector and re- 
sulting energy spread. 

gun timing buncher S.C 

jitter cavity cavities 
Ampl. stab, (rms) - 8 • 10-'' 9.5 ■ 10"* 
Phase stab, (rms) 2ps 0.1° 0.1° 
Contrib. of ampl. 
fluct. to energy - - 4.7 keV 
spread 
Contrib. of phase 
fluct. to energy 0.87 keV 2.35 keV 2.35 keV 
spread 
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Figure 3: Required RF power to maintain an accelerating 
gradient of 20 MV/m in a 9-cell main linac cavity as func- 
tion of the coupler external quality factor for different peak 
microphonic detunings. 

178 5 
phase betweenaccefeiatEd and decefeiatEd beam Beg] 

Figure 4: Required RF power to maintain an accelerating 
gradient of 20 MV/m in a main linac cavity in presence 
of a phase error of the recirculated beam. Also shown is 
the optimum detuning needed to minimize the RF power 
demands. The accelerating phase is —15°. 

reduction of the cavity vibration is desirable to further im- 
prove the efficiency of an ERL. From equation 3 one finds 
for the optimum external quality factor of the input coupler 

n    - 1 "^c (4) 

Note that the optimum external quality factor is determined 
only by the peak cavity detuning. If we assume a peak 
detuning of 25 Hz, we find Qopt = 2.6 • lO''. According to 
equation 3 the required RF power is then Pg w 8 kW per 
9-cell cavity with Vacc = 21 MV. 

While beam loss within reasonable limits gives no sig- 
nificant increase in RF power demands, a small phase error 
5(1) of the recirculated beam does. Ideally the recirculated 
beam is decelerated at an RF phase shifted by 180° rela- 
tive to the phase at which the initial beam is accelerated. 
Any deviation 5(j) form this ideal condition results in a ef- 
fective beam current in the main linac cavities (complex 
vector representation) 

leff = Iacc{l - e*' -ilacc5<l>, (5) 

where lacc is the average current of the accelerated beam. 
As a result of a non-zero current, the required RF power to 
maintain a given field increases; see Figure 4. Proper cav- 
ity detuning is required to minimize the RF power demand. 
Path length errors of the recirculated beam and a phase slip 
along the linac due to a not fully relativistic beam will con- 
tribute to a phase error 5^ of up to 1° in some cavities. 
Stability requirements: In short bunch operation the 
beam is accelerated off-crest by about 15° and subse- 
quently the bunches are compressed from u = 2.3 ps to 
a « 100 fs in bending magnets [6]. We shall require that 
the timing jitter of the bunch-centroids after the compres- 
sion should not exceed the length of a single bunch. This 
translates to a required bunch-to-bunch energy stability of 
2 • 10-^ or 20 keV at the end of the linac {R^Q = 15 cm). 
A bunch-to-bunch energy fluctuation of less than 30 keV is 
also desirable for on-crest operation, because then the total 
beam energy spread is dominated by the intra-bunch energy 
spread of u w 50 ke V. 

We may neglect contributions from the injector cavities 
to the energy spread in the following. Further, we can ne- 
glect contributions resulting from the timing jitter of the 

bunches after the injector; see [7]. Microphonics cavity 
detuning will be one of the major field perturbations in 
the ERL main linac, and previous measurements at the 
Tesla-Test-Facility linac indicate that this effect is not cor- 
related between the cavities. Therefore we will assume 
non-correlation for the field errors in the five main linac 
cavities. It should be noted that this assumption has to be 
verified at the ERL prototype, since it has major impact on 
the field stability requu-ements in a large scale facility. As- 
suming further equal contributions {2QkeV/\f\0 « 6 keV 
per cavity) from amplitude and phase errors we find an rms 
amplitude stability requirement of (15° off crest accelera- 
tion) 

(TA CTE 6keV 

A      eVaccCos^b      e21MVcos(15°) 
!3-10-^  (6) 

for the field in the main linac cavities. The required rms 
phase stability is 

cr^ 
OE 6keV 

eVacc sin 9!>6      e21MVsOT(15°) 
■ 0.06°.     (7) 

CONCLUSIONS 
The RF power demands and field stability requirements 

have be estimated for the Cornell ERL prototype. The 
stability requirements are demanding, and a fast digital 
RF controller is under development to address these chal- 
lenges [8]. 
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SOLEIL CAVITY PROTOTYPE AT THE ESRF 

J. Jacob, D. Boilot, ESRF, Grrenoble, France 
S. Chel, P. Bosland, P. Bredy, CEA, Saclay, France 

E. Chiaveri, R. Losito, CERN, Geneva, Switzerland 
J.-M. Filhol, M.-R Level, P Marchand, C. Thomas-Madec, SOLEIL, Saclay, France 

Abstract 
A cryo-module housing two strongly HOM damped 

352 MHz superconducting (SC) cavity cells has been 
developed within the framework of the SOLEIL project 
design phase. In 2002, the prototype was installed in the 
ESRF storage ring and tested with beam in the 
accelerating regime with the cavities cooled down to 
4.5 K by means of liquid helium from Dewars. Four 
series of tests have been carried out at the end of 
scheduled shutdowns. In order not to disturb the ESRF 
machine performance during the user mode of operation, 
the cavities were maintained detuned at room 
temperature. In this passive regime, they remained 
transparent to the beam with less than 100 W of heat 
deposited by the beam and evacuated by a warm helium 
gas flow. 

Up to 170 mA of beam could be accelerated with a 
peak RF voltage of 3 MV and a power of 360 kW from 
the SC module. This corresponds to the performance 
required for the first SOLEIL operation phase. The 
concept of effective HOM damping was validated up to 
the maximum ESRF intensity of 200 mA. A few week 
points already identified at previous CERN tests were 
confirmed: high static cryogenic losses, poor cooling of 
one HOM coupler and too high fundamental power 
through the dipolar HOM couplers. 

INTRODUCTION 
In June 1996, a collaboration project between CEA, 

CNRS, CERN and ESRF was launched to develop, build 
and test a strongly HOM damped SC cavity for the 
SOLEIL project [1]. The frequency of 352.2 MHz was 
chosen in order to benefit from a possible transfer of 
CERN technology, including the coupler design, and to 
open the possibility of a future implementation at the 
ESRF. The prototype was successfiilly tested at CERN in 
December 1999 up to 7 MV/m of accelerating gradient 
[2]- 

In December 2001, the SOLEIL module was installed 
in the ESRF storage ring for a period of one year, in order 
to validate the design with a high intensity beam [3]. For 
the limited test period, it was decided to feed the cryostat 
with liquid helium (LHe) from Dewars. Tests with the 
cavity at 4 K have been carried out following the four 
shutdowns of March, May, August and October 2002. 
After one week of pre-cooling with cold helium gas, the 
first machine restart days were dedicated to the tests at 
4 K. The cavity was then warmed up, kept in the ring at 
room temperature (300 K) and cooled with warm helium 

gas for the normal user operation, its resonance being 
thermally shifted off beam harmonics. 

The successfiil operation at 300 K with high beam 
intensity - not initially foreseen in the cavity design - 
opens the possibility of increasing the availability of SC 
RF systems if the ring can be operated with a reduced 
number of modules. 

The cooling with LHe from Dewars was also a success: 
during the four series of tests, the cavity was kept stable 
at 4 K between 17 and 20 hours. With the resonance de- 
tuned from the main RF frequency, 200 mA could then be 
stored without any sign of HOM excitation. The SOLEIL 
cavity module was successfiilly operated in the 
accelerating regime as well: with 3 MV of accelerating 
voltage, a maximum of 360 kW could then be transferred 
into 170 mA of beam. 

In December 2002, the cavity module was removed 
from the ESRF storage ring as the space was required for 
a new beam line. Taking into account the results of the 
test, it is now planned to modify the existing prototype 
and to prepare it for the first commissioning phase of the 
SOLEIL storage ring starting in April 2005. 

It is also planned to build a second unit, which is 
required and will be installed in the SOLEIL ring for a 
second phase in order to reach ftill performance of the 
machine in 2006: 500 mA at 2.75 GeV, the ring fiilly 
equipped with insertion devices. 

TEST OF THE HOM DAMPED SC SOLEIL 
CAVITY AT THE ESRF 

Figure 1 shows the SC HOM-free SOLEIL prototype 
module in the ESRF storage ring. The module, the test 
configuration at the ESRF and the cooling plant have 
already been described extensively [1, 2,3]. 

Figure 1: SOLEIL SC module in the ESRF storage ring 
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The main design aspects that have been optimised for a 
reliable HOM-free operation in high intensity rings [1,2, 
3] are briefly reminded below: 

• On the 400 mm diameter beam tube connecting two 
cells in a single cryostat, the HOMs are effectively 
coupled with conventional coaxial couplers, which 
extract the power from the structure. As no ferrite 
absorbers are needed in the beam tubes, possible 
vacuum contamination is avoided. 

• The open structure exhibits an excellent conductance 
for a very efficient vacuum pumping directly on the 
main tapers at each side. 

• A high reliability is thus expected, which is essential 
for light sources with an expected MTBF better than 
50 hours and more than 96 % beam availability [4]. 

• The CERN technology using niobium coated copper 
cells has been adopted for the SOLEIL cavity. It is 
the first application to a cavity designed for high 
beam current. 

The cooling circuit, the vacuum configuration as well 
as the connection to the 3"* RF transmitter of the ESRF 
were thoroughly described in [3]. 

ACHIEVEMENTS 
As already reported in [3], 5700 litres of liquid helium 

from three Dewars were sufficient to cool down and 
operate the SC module at 4 K for about 17 to 20 hours. 

Passive Operation at 300 K 
During normal user operation of the storage ring, the 

SC module was kept at 300 K by means of a 15 mVh flow 
of helium gas (GHe) circulating through the cryostat. Less 
than 100 W of heat load fi-om the beam had to be 
removed fi-om the accelerating structure, naturally 
detuned by 1204 kHz = 3.4 fresolution at 300 K [3]. This is 
slightly less than the worst case computations, which had 
predicted between 200 and 300 W of heat load. 

A maximum HOM power of 50 W was measured on 
monopole HOM couplers in 16 bunch fifling at 90 mA 
and no HOM driven coherent multibunch instability was 
ever observed up to the maximum ESRF intensity of 
200 mA. The system proved to be very reliable and 
transparent to machine operation, causing only three 
beam trips over a fiill year, which could not clearly be 
attributed to the cavity itself. 

Passive Operation at 4 K 
In passive operation at 4 K, as at 300 K, the cavity 

remained transparent to the beam and no instability was 
detected up to 200 mA: along with the experience at 
300 K, this demonstrates the validity of the concept for an 
effective HOM damping. 

RF Voltage Conditioning at4 K 
The SOLEIL prototype module had already been 

powered in the CERN teststand prior to its installation at 

the ESRF, and it was relatively easy and fast to 
recondition the couplers up to the nominal total voltage of 
4 MV in CW and up to 5 MV in pulsed mode. 

After the second test window at 4 K in May 2002, a 
problem with the HOM coaxial feed-throughs was 
encountered, which Umited the maximum voltage [3]. It 
tumed out that the brazing joints close to the extemal RF 
connectors, between atmosphere and insulation vacuum, 
were leaking. As a consequence, some glow discharges 
occurred inside the coaxial lines and limited the voltage 
due to the spurious coupling to the fundamental mode. 
Once identified, the leaks were easily repaired. One of the 
coaxial lines showing strong traces of the discharges was 
cleaned up. At the August test, a decade was gained in the 
insulation vacuum and the accelerating voltage of the 
module could be raised to its nominal value. 

The dipolar HOM couplers which are located close to 
the accelerating cells are equipped with notch filters for 
the rejection of the fundamental mode coupling. Due to 
an incorrect tuning of these filters and to the resulting 
spurious coupling to the fundamental mode, at 4 MV in 
CW, the extracted power was as high as 1650 W. 
Moreover, the LHe circuits feeding the HOM couplers are 
not yet fiilly optimised and the cooling efficiency is only 
moderate. Altogether this lead to strong overheating of 
the HOM couplers at high accelerating voltage and was 
probably the reason for some quench-like events, with 
pressure bursts on the LHe tank. 

At 4 MV, the total cryogenic losses were evaluated 
around 140 W, which is sUghtly above the already high 
static losses of ca. 117 W measured in previous tests [3]. 

Some multipacting was also observed in the main RF 
couplers around 4 MV, eventually leading to some 
pressure bursts on which the RF was tripped. The fast 
vacuum interiock had been implemented to protect the 
ceramic against sputter deposition of copper. It is 
expected that further conditioning of the couplers will 
help to overcome muUipacting. 

Beam Acceleration at4 K 
With 5 MeV energy loss per turn at the ESRF, a 

minimum of 7 MV of RF voltage is necessary for stable 
storage of a high intensity beam. At the end of the 4* test 
window, in October 2002, 170 mA of beam could be 
stored, achieving 30 hours of lifetime with 3 MV fi-om the 
superconducting SOLEIL module and 4 MV fi-om the 
existing normal conducting ESRF cavities. This 
corresponds to 360 kW of power transferred fi-om the SC 
cavity module into the beam and meets the requirements 
for the commissioning of the SOLEIL ring with one 
module. Surprisingly, only little time was needed for 
conditioning so that the beam intensity and the beam 
loading of the module could be ramped within a few 
hours. 

A run test of one hour was carried out at the end of the 
last test period, with a smooth beam decay from 155 to 
149 mA, demonstrating that more than 300 kW can be fed 
to the beam over a longer period of time, without any 
thermal run away. 

1333 



Proceedings of the 2003 Particle Accelerator Conference 

REFURBISHMENT OF THE PROTOTYPE 
AND PRODUCTION OF A SECOND UNIT 

Before its installation in the SOLEBL storage ring, 
taking into account the numerous results from the beam 
tests at the ESRF, the prototype module will be 
refiirbished with the following major modifications: 

• A copper shield cooled by liquid nitrogen will be 
inserted in order to reduce the static losses. Straps 
anchored on the shield will be installed to draw heat 
firom the HOM couplers, the bulky tuning system, 
the coaxial lines, etc... 

• On the dipole HOM couplers, the notch filter for the 
rejection of the fundamental mode coupling is tuned 
by adjusting the gap between the loop and the 
coupler walls, using a single wave bellow. 
Unfortunately, the bellow flexibility did not meet the 
initial specification and prevented from tuning the 
filte'r. The fabrication procedure is now being revised 
and the dipole HOM couplers will be replaced. This 
should allow to keep the power extracted from the 
fundamental mode at a reasonable level, even at a 
high accelerating voltage. 

• Two superconducting modules will finally be 
installed to match the latest SOLEIL specifications 
for the revised nominal beam current, energy and 
losses from insertion devices. As a consequence, the 
nominal total accelerating voltage will be reduced 
from 4 to 3 MV for phase I with only one module, 
and to 4.8 MV for phase II with two accelerating 
modules in place. For power matching, a higher 
coupUng to the cavity must therefore be set, with 
Qext= 1 1(^ instead of 2.2 l(f. To achieve this, the 
antennas of the fundamental power couplers will be 
cut, then lengthened, and the couplers re-conditioned 
to transfer up to 200 kW of RF power. 

• In order to render the prototype operational for a 
light source, the instrumentation installed for the 
tests will be replaced with radiation-proof 
components. On this occasion, sensors with a wider 
temperature range will be used to follow cool-downs 
from room temperature to 4K. 

• The helium circuitry will be modified to 
accommodate space for the thermal copper screen 
and to feed the HOM couplers from the bottom of 
the cryo-module. This should eliminate the 
experienced cooUng problems. 

These modifications will require an intervention in a 
clean area, followed by power tests. Helium processing is 
envisaged during the power tests. Modifications will be 
realised using the clean room and the power teststand at 

CERN. A part of the intervention will also be performed 
at CEA-Saclay. For this purpose, a collaboration 
agreement between CERN, CEA and SOLEIL is being 
drawn up. 

The intervention (dismounting, modifications, re- 
assembling and tests) should be completed before October 
2004, allowing the SOLEIL ring to be commissioned with 
the refurbished prototype in spring 2005. 

For the fabrication of a second HOM-free cavity 
module, SOLEIL will issue calls for tender with the aim 
of placing orders beginning of 2004. The fabrication, 
assembly and tests should be completed by October 2005. 
The installation and commissioning in the SOLEIL ring is 
scheduled at the end of 2005, allowing to reach full 
performance of SOLEIL in 2006. 

CONCLUSION 
The beam test of the strongly HOM damped 

superconducting SOLEIL cavity at the ESRF was 
exfremely successful and brought all the expected results. 
The concept was validated, the voltage and power 
requirements of SOLEIL were reached. The tests also 
allowed the identification of a few design and fabrication 
weak points on the prototype, which can still be resolved 
before the installation of the module for the 
commissioning of the SOLEIL ring. With the planned 
modifications, the present performance limitations of the 
SOLEIL cavity are expected to be overcome. Based on 
these experimental results, the fabrication of a second 
module can now also be launched on a sound basis. 
Finally, the tests have also shown that this cavity 
constitutes a valuable option for a possible fiiture 
intensity upgrade of the ESRF. 
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Abstract 

H-Mode cavities (IH-DTL, IH-RFQ, 4-Vane-RFQ) have 
been developed sucessfuUy during the last decades for a 
large variety of applications in the field of ion accelera- 
tion [1]. The CH- or Crossbar H-structure is a new El- 
Mode drift tube structure operating in the TE210 mode. 
This structure is currently under development at the TAP 
in Frankfurt, Germany. This type of cavity is an excel- 
lent candidate for the use in future high current applica- 
tions like IFMIF or XADS with beam currents of up to 
125 mA [2] [3]. For these applications superconducting 
operation is very attractive. The overall plug power con- 
sumption is lower and the use of larger apertures can re- 
duce the risk of activation significantly. Due to the possible 
superconducting operation it is important to investigate the 
higher order modes (HOM) in such a cavity. In this paper, 
we present the first results of the HOM analysis and give a 
status of the development of the superconducting CH cav- 
ity prototype. 

Figure 1: View of the prototype of the superconducting CH 
cavity which is presently under construction. 

INTRODUCTION 

Existing H-Mode cavities can be operated only at room 
temperature. Many future projects require cw operation. 
Normal conducting structures are limited in the gradient 
because of power losses. 
Due to its mechanical rigidity the CH-structure can be re- 
alized for room temperature as well as for superconduct- 
ing operation. Together with the use of the KONUS beam 
dynamics [4] long lens-free sections and therefore super- 
conducting multicell structures like the CH-cavity become 

• supported by GSI, BMBF, contr. no. 06F134I and EU 

Figure 2: View into the CH copper model. The character- 
istic crossed stem construction of the CH cavity is clearly 
visible. 

possible. The reasonable energy range is between 3 and 
150 A-MeV and a frequency between 150 and 800 MHz 
can be used. 
Figure 1 shows the prototype of a 19-gap superconducting 
CH-structure which is presently under construction. The 
operating frequency is 352 MHz and the /? is 0.1. 

HOM ANALYSIS 

Theory 

Inside a cavity the beam can gain energy due to longitu- 
dinal electric on axis fields. On the other side, every higher 
order mode with electric field on or near the axis could in 
priciple be excited by the beam. Higher order mode exci- 
tation can lead to beam instabilites and to additional power 
losses. Besides the frequency of the higher order modes the 
R/Q value is one of the most important quantities: 

R/Q = 
1/ Ez{z) exp {vjjzjl3c)dz\ 

TJW (1) 

where W is the stored energy. The geometric shunt 
impedance R/Q measures the level of excitation of higher 
order modes. For cw applications, significant voltages can 
be generated only if a Fourier beam component is within 
the bandwidth of HOM. 

Simulation and Measurements 

For future high current applications it is necessary to de- 
termine all of the potentially dangerous modes with respect 
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Figure 4: Distribution of the electrice field of the first 12 eigenmodes of the CH copper model. 

to R/Q values, frequencies and additional power losses. 
In a first step we simulated a CH-cavity with Microwave 
Studio [5] to identify the higher order modes and to der- 
ermine their frequencies. A copper model of this cavity 
has been buih to validate the simulations. It is a 19-gap 
copper model with a measured frequency of the basic mode 
of 289 MHz and with a ,5 of 0.08. Figure 2 shows a pho- 
tograph of this model resonator. The measurements have 

Table 1: Measured and simulated parameters of the CH 
copper model 

Parameter Simulation Measurement 
f(MHz) 285 289 
length (cm) 104 104 
diameter (cm) 34 34 
gap number 19 19 
P 0.08 0.08 
Ra/Q(fi) 1668 1690 

been performed using the bead perturbation method. A 
metallic bead with a diameter of 4.75 mm has been pulled 
through the resonator. The Figure 3 shows the experimental 
setup. Unlike to elliptical cavities, it is sufficient to mea- 
sure on axis because every mode produces a longitudinal on 
axis electric field in CH-cavities. Due to the fixed velocity 
profile of CH-structures one has to determine the R/Q value 
only for the design 0. In a first step the Ro/Qo values of 
the first 15 modes up to a frequency of 1 GHz could be 
determined. The agreement between the simulations and 
the measurements was excellent. The Figure 4 shows the 
measured and simulated field distributions of the first 12 

modes. Table 1 shows the measured and simulated param- 
eters of the model resonator. So far, the investigation shows 
that the simulations are accurate enough to determine po- 
tentially dangerous higher order modes in CH cavities. We 
found an interesting and potentially dangerous mode. Fig- 
ure 5 shows the simulated field distribution of the basic 
mode (f=285 MHz) and of the 28th mode (f=1235 MHz). 
Both modes have a similar field distribution although the 
28th mode has a frequency of almost 4.3 times the basic 
frequency. The investigation of the properties of this mode 
are still under way. 

Figure 3: Photograph of the experimental setup. In the cen- 
ter the CH r.t. model is visible. 
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Figure 5: Comparison of the field distribution of the basic 
mode (285 MHz) and the 28th mode (1235 MHz). 

Figure 6: The 3 m long vertical cryostat (center) and the 
class 100 laminar flow box (right) in the new cryogenic 
laboratory in Frankfurt. 

PROTOTYPE STATUS 

The cavity parameters have been optimized using Mi- 
crowave Studio. The major issue was to minimize the elec- 
tric and magnetic peak field to reduce the risk of field emis- 
sion and thermal breakdown [6]. This type of cavity will 
be limited most likely by the electric fields whereas the 
magnetic peak fields have very moderate values. Table 2 
summarizes the most important parameters of the super- 
conducting prototype. 

A design and engineering study has been performed in 
close cooperation with industry (ACCEL) to show the fea- 
sibility of the production of superconducting CH structures. 
After a call for tenders, the cavity has been ordered. The 

Table 2: Parameters of the superconducting CH cavity pro- 
totype 

f [MHz] 352 
/3 0.1 
length [cm] 104.8 
diameter [cm] 28 
number of gaps 19 
Ra/Qo [H] 1610 
cm 56 
Ep/Ea 6.59 
Bp/E„ [mT/MV/m] 7.29 
Ep @ Ea=3.2 MV/m [MV/m] 21 
Bp @ EQ=3.2 MV/m [mT] 23.3 
W [mJ/(MV/m]2 155 
W @ Ea=3.2 MV/m [J] 1.58 
Qo (BCS, 4K) 1.6-109 
Qo (R^=100 nfJ) 5.6-10» 
P @ Ea=3.2 MV/m [W] 13 

production of the cavity has already started, the used mate- 
rial is high RRR bulk niobium. After fabrication the cavity 
will be treated with Chemical Buffered Polishing (BCP) 
and High Pressure Rinsing (HPR). It is expected that the 
cavity will be delivered in January 2004. 
The cavity will be tested in the new cryogenic laboratory 
at lAP in Frankfurt. The lab has been equipped with a 3 m 
long vertical cryostat and a class 100 laminar flow box (see 
fig. 6), a magnetic shielding, a helium recovery system and 
two 2501 transport dewars. 

OUTLOOK 

It is planned to continue the HOM analysis and to deter- 
mine the Qext for different modes. A mechanical analysis 
using the program COSMOS will be performed to inves- 
tigate the mechanical vibrations of the cavity. The setup 
for the cryo tests is beeing equipped and the rf control sys- 
tem is under development. In addition, investigations of a 
mechanical tuner have started. 
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Abstract 
Prototype coaxial input couplers with a planar rf 

window and a high power test stand were designed and 
fabricated. The high power tests with a 972MHz pulsed 
klystron had been successfully carried out. Input rf power 
of 2.2MW in a pulsed operation of 0.6msec and 25Hz 
(370kW in 3.0msec and 25Hz) was transferred to the 
input couplers without any problem. 

1 INTRODUCTION 
In the KEK-JAERI joint project named J-PARC (Japan 

Proton Accelerator Research Complex), a superconduct- 
ing linac is required to boost the energy of the H" beam 
from 400MeV to 600MeV. The 600MeV beam will be 
used for ADS (accelerator-driven system) experiments in 
the second phase of the J-PARC project. In the present 
system design of the superconducting linac [1], eleven 
cryomodules containing two 972MHz 9-cell niobium 
cavities will be installed in the linac tunnel. The 
accelerating gradient has been set at about lOMV/m, and 
the operating temperature is 2K. A prototype cryomodule 
with p=0.725 (424MeV) was designed last year. The 
construction of the prototype cryomodule has been just 
started for an essential R&D work. Two input couplers 
are needed for installation in the cryomodule. Prototype 
972MHz input couplers were fabricated in order to test 
the high power capability and reliability. The 
experimental set-up, the processing procedure and the test 
results with high rf power are described in this paper. 

2 INPUT COUPLERS 
Input couplers are used for transferring rf power to 

superconducting cavities. Basic design of the 972MHz 
input coupler was carried out with referring the 508MHz 
input coupler for the TRISTAN superconducting cavities 
[2]. Similar design is also found in the KEKB and SNS 
superconducting cavities [3, 4]. Heat load dissipated at 
copper surface and a ceramic disk is considerably reduced 
due to a pulsed operation, in comparison with the 508 
MHz coupler in a cw operation. On the other hand, heavy 
irradiation caused by an intense proton beam has to be 
taken into consideration in the design. A fundamental 
specification of the 972MHz input coupler is summarised 
in Table 1. The required input rf power is 300kW for a 

beam current of 30mA at the operating accelerating 
gradient of lOMV/m. Detailed dimensions of a 972MHz 
coaxial window with a choke structure and the calculated 
rf characteristics are shown in ref. [5]. The ceramic disk is 
made of AI2O3 wdth the purity of 95%, and the thickness 
is 7.0mm. Coating with TiN on the surface of the vacuum 
side was carried out. The rf window is connected with a 
coaxial line (^0) of 50Q. The inner conductor made of a 
cupper pipe is equipped with a built-in cooling channel. 
The projection length of the antenna tip was determined 
to obtain the external Q value of SxlO' [5]. As shown in 
Figure 1, the high power test stand consists of two 
doorknobs connected to the WR975-waveguide system, 
two coaxial input couplers with a planar rf window and a 
pair of coupling waveguide with a pumping port. 

Table 1: Specification of the 972MHz input couplers 
External Q value 

Input rf power 
Pulsed operation 

5x10' 
300 kW, 
3.0 msec. 

(Ib=30mA) 
25 Hz 

3 EXPERIMENTALSET UP 
The input couplers and the coupling waveguides were 

carefully rinsed with ultra-pure water. They were dried 
for one day and were assembled in a clean room. Then, 
pumping was carried out by a vacuum system composed 
of a turbo molecular pump of 5(X) 1/s and a rotary pump of 
16000 1/h. The input coupler system was baked out at 
120°C for 24 hours prior to rf processing. The vacuum 

'eiji.kako@kek.jp 
Figure 1: High power test stand 
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Figure 2: Experimental instrumentation for high power tests 

pressure at room temperature has reached to about 1x10"* 
Pa. An experimental instrumentation for high power tests 
is shown in Figure 2. An ionization gauge, a cold cathode 
gauge and a residual gas analyser are installed in the 
vacuum system. An ionization gauge, an arc detector and 
an electron pick-up probe are attached at three small ports 
close to the rf window of each input coupler. "Diese 
monitoring instruments are very important to prevent a 
fatal sparking discharge around the rf window. Two video 
cameras locating at the bottom of the coupling waveguide 
can observe visible lights like a glow discharge by 
multipacting. A water-cooling system for the inner 
conductors is equipped with thermocouples and flow 
meters, which are used for a calorimetric measurement of 
the rf loss. A 972MHz pulsed klystron is a prototype for 
normal conducting cavities aiming at performances of 
0.6msec, 50Hz and the maximum power of 3.0MW [6]. A 
longer pulsed operation is required for superconducting 
cavities. Therefore, modification in the rf control system 
and adjustment of the DC power supply system were 
carried out. In the present operated condition, the 
maximum available rf power is 370kW in the long pulse 
mode of 3.0msec and 2.2MW in the short pulse mode of 
0.6msec. 

4 HIGH POWER TESTS 
Up to the present, high power tests had been carried 

out four times, as summarised in Table 2. The initial rf 
processing was started with a low duty factor of 0.1msec 
and lOHz. The interlock level of vacuum pressure at the rf 
window was set to 5x10"^ Pa. The first deterioration of the 
vacuum pressure was observed at 30kW. As seen in 
Figure 3, the input rf power had been carefully increased, 
and the processing time up to 300kW was 22 hours. With 
gradual increment of the duty factor, the maximum rf 
power of 350kW in the long pulse mode of 2.45msec was 

transferred. There was no work of interlocks due to 
vacuum burst or arc detection during the processing. The 
maximum average rf power was 21kW. The temperature 
rise to about 100°C was observed at the antenna tip in the 
initial test without cooling water. Therefore, the necessity 
of forced cooling in the inner conductor was concluded, 
and the water-cooling was started in the successive 
processing. Rf loss at the rf window and the inner 
conductor was measured in various power levels by a 
calorimetric method. The rf loss was about 0.2% of the 
average input rf power [7]. In the thu-d test, finally, 
2.2MW in the short pulse mode of 0.6msec was fed to the 
input couplers vwthout any trouble. However, degradation 
of the vacuum pressure had been still observed between 
400kW and 800kW even after processed up to 2.2MW, as 
shown in Figure 4. The vacuum degradation in this power 
range was simultaneously accompanied with detection of 
electrons by the pick-up probe and observation of lights 

Table 2: Procedure of rf processing 

1. 
;st      Pulsed operation Max.rfDower — 

Initial Tests: 
0.1msec, lOHz 300kW (Fig. 3) 

2.45msec, 25Hz 350kW 
2. Exposure to N2 gas: 

0.1msec, lOHz 300kW (Fig. 5) 
2.45msec, 25Hz 350kW 
0.6msec, 25Hz llOOkW 

3. Kept for one month without pumping: 
0.1msec, 25Hz 1700kW (Fig. 5) 
0.6msec, 25Hz 2200kW (Fig. 4) 
Standing Wave 650-800kW (Fig. 6) 

4. Exposure to air: 
0.1msec, 25Hz 360kW (Fig. 5) 
3.0msec, 25Hz 370kW (Fig. 4) 
Standing Wave 370kW 
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by the video camera. The cause must be due to 
multipacting at the rf window or coaxial line. Main 
residual gas components desorbed by multipacting were 
H2 and N2+CO [7]. In order to investigate memories of 
the rf processing effect, the input couplers were exposed 
to N2 gas and air for a few days, (and residual gases in 
vacuum without pumping for one month). Baking at 
120°C for 24 hours was always carried out after the 
exposure. As seen in Figure 5, the processing time up to 
300kW was less than two hours in any case. Therefore, no 
major influence due to the exposure was observed. 

10       15 
Time [Hours] 

Figure 3: Rf processing logs in the initial test 

RF processing in the standing wave was carried out, just 
after processed at 2.2MW in the travelling wave. Figure 6 
shows the results in various phase conditions performed 
by successively changing the short-end position by 1/8 ^g. 
Since the distribution of electromagnetic fields along the 
coaxial line of the couplers changes with the phase, the 
resonant condition of multipacting has shifted in each 
phase. The observation of the vacuimi deterioration above 
50kW suggests careful rf processing is needed in couplers 
installed in the actual cavities, even if processed up to 
2.2MW in the test stand. 

0.0001 

400       600 

Input RF Power [kW] 

Figure 6: Rf processing in the standing wave 
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Figure 4: Vacuum pressure and electron activities 
after processed up to 2.2 MW 
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Figure 5: Effect after exposure to N2 gas and an- 

5 SUMMARY 
Input rf power of 2.2MW in a pulsed operation of 

0.6msec and 25Hz (370kW in 3.0msec and 25Hz) was 
transferred to the input couplers. Multipacting level was 
observed between 400kW and 800kW. There was no 
influence in the processing time due to exposure to N2 gas 
and air. 

6 REFERENCES 
[1]S. Noguchi, "SRF System in the JAERI - KEK Joint 

Project", Proc. of 10* Workshop on RF 
Superconductivity, Tsukuba, Japan (2001) p302-307. 

[2]S. Noguchi, E. Kako and K. Kubo, "Couplers - 
Experience at KEK", Proc. of 4* Workshop on RF 
Superconductivity, Tsukuba, Japan (1989) p397-412. 

[3] Y. Kijima et al., "Conditioning of the Input Couplers 
for KEKB Superconducting Cavities", ibid. [1] p565- 
569. 

[4] I.E. Campisi, "Fundamental Power Couplers for 
Superconducting Cavities", ibid. [1] pl32-143. 

[5] E. Kako and S. Noguchi, "RF Design of a 972MHz 
Superconducting Cavity for High Intensity Proton 
Linac", Proc. of EPAC2002, Paris, France (2002) 
p2244-2246. 

[6] E. Chishiro et al., "Development of 972MHz Klystron 
for High-Intensity Proton Accelerator Facility", Proc. 
of LINAC2002, Gyeongju, Korea (2002) TU459. 

[7] E. Kako et al., "High Power Test of the 972MHz 
Input Couplers for Proton SC Cavities", Proc. of 
Workshop on HPC2002 at JLab, Newport News, 
Virginia, USA (2002), to be published. 

1340 



Proceedings of the 2003 Particle Accelerator Conference 

RESULTS OF TWO LANL P = 0.175,350-MHZ, 2-GAP SPOKE CAVITIES^ 

T. Tajima^ R. L. Edwards, R. C. Gentzlinger, F. L. Krawczyk, J. E. Ledford, J.-F. Liu, D. I. 
Montoya, R. J. Roybal, D. L. Schrage, A. H. Shapiro, LANL, Los Alamos, NM 87545, USA, 

D. Bami, A. Bosotti, C. Pagani, INFN/Milano, Italy, 
G. Comiani, E. ZANON, S. P. A., Italy 

Abstract 
Two p = 0.175, 350 MHz, 2-gap superconducting (SC) 

spoke cavities were fabricated in industry under the 
Advanced Accelerator Applications (AAA) project for the 
transmutation of nuclear waste. These cavities are 
promising candidates for the accelerating structures 
between a RFQ and the elliptical SC cavities for proton 
and heavy ion linacs. Since their delivery in July 2002, 
they have been tested in terms of mechanical properties, 
low-temperature performance, i.e., Qo-Eacc curves at 4 K 
and 2 K, surface resistance dependence on temperature 
and for multipacting (MP). The two cavities achieved 
accelerating fields of 13.5 MV/m and 13.0 MV/m as 
compared to the required field of 7.5 MV/m with enough 
margin for the quality factor. These cavities seem to need 
more time to condition away MP than elliptical cavities, 
but MP does not occur once the cavity is conditioned and 
kept at 4 K. The length of the 103 mm-diameter nominal 
coupler port was found to be too short for the penetrating 
field. 

INTRODUCTION 
The spoke cavity was invented by Delayan and Shepard 

in the late 80s [1]. It is a half-wave resonator, but has a 
capability of having multi spokes so that the real estate 
gradient can be higher. Although this structure has not 
been used in a real accelerator yet, it has been proven 
from past bench tests that this structure can be an 
excellent candidate to support the velocity range of P<0.5 
[2], and it could compete with well established elliptical 
cavities at even higher P [3]. 

At LANL, we modified our facility to test spoke 
cavities and successfully tested a spoke cavity on loan 
from ANL. The result was excellent and we then 
designed our own cavity at P =0.175. Two prototype 
cavities, named EZOl and EZ02, were fabricated at Zanon, 
Italy, and have been tested at LANL since July 2002. As 
shown below, the results have been excellent and proved 
our capability of designing cavities to a predicted level of 
performance. 

DESIGN OF THE CAVITY 
A RF and mechanical design using MAFIA, Microwave 

Studio (MWS) and MICAV has been performed [4]. 
Figure 1 shows cut-away design views (top) and the 
fabricated cavity made of niobium (bottom). The cavity 
diameter is ~ 40 cm, which is about half the size of 

elliptical cavities of the same frequency.   The detailed 
dimensions can be found in Ref. [5]. 

RF-Coupler Port 

HighB-fleld 

Beam-Pipe 

HighE-fleld 

Cleaning Port 

Coupler poif 

Pick-up port 

■^i 

Beam port 

Figure 1: Cut-away design views (top) and the fabricated 
LANL P=0.175,2-gap spoke cavity made of niobium 
(bottom). 

Table 1 shows the RF parameters. The Epeak/Eacc and 
Bpeak/Eacc ratios have been well optimized as shown in the 
Table. 

♦Work supported by the US Department of Energy under contract 
W7405-ENG-36. 
*tajima@lanl.gov 
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Table 1: Design RF parameters [6] 

Qo(4K) 1.05E+09(for61ni2) 

T(Pg) 0.7765 (p,=0.175) 

T™x(P) 0.8063 (@ P=0-21) 
G 64.1 Q 

Epk /E,cc 2.82 

Bpi(/E,cc 7.38 mT/MV/m 

P«v(4K) 4.63 W @ 7.5 MV/m 

R/Q 124 n 

Table 2: Summary of the LANL/AAA spoke cavities test 
results at 4 K. 

TEST PREPARATIONS 
The detail of the preparation is described elsewhere [5]. 

We performed standard 1:1:2 buffered chemical polishing 
(BCP) of 150 microns. We then high-pressure rinsed 
(HPR) the cavity with ultra-pure water at ~1200 psi for ~ 
40 minutes in a class-100 clean room 

After setting the cavity on the cryostat insert and 
pumping it down, we bake the cavity at ~110 °C for 2-3 
days. The typical cavity vacuum monitored at the 
cryostat lid are 7E-9 to 3E-8 Torr at room temperature 
after baking, 5E-9 to lE-8 Torr after pre-cooling and 2E-9 
to 5E-9 Torr during the 4 K and 2 K tests. 

TEST RESULTS 

4 K Tests 
Figure 2 shows the Qo - Eacc curves of two cavities at 4 

K and Table 2 summarizes the results. After the first test 
in August 2002, we disassembled the cavity EZ02 and 
high-pressure rinsed again and tested in March 2003. 
Both Qo and ^^ improved as shown in Fig. 2. 

■EZ01 10/21/02 
■EZ02 3/21/03 

-EZ02 8/8/02 
-AAA Goal 

1.E+10 

Qn 

1.E+09 

1.E+08 

--*-t^^^ fefe^ ^'^"^^ ^^5KP *^^     .^^—^fc»_ 
▼ *'ifeT^» ^. 

„ AAA Goal 

5 10 
Eacc (MV/m) 

15 

Figure 2: Qo-Eacc curves of the two LANL/AAA cavities 
at 4 K. Test dates are written in the legend. Repeated 
high-pressure rinse and helium processing improved the 
EZ02 result in the second test. 

Cavity EZOl EZ02 

Low-field On 1.74E+9 1.04E+9 

E„_.,(MV/m) 13.5 13.0 

OnatE»„=7.5MV/m 8.6E+8 1.06E+9 

E„„„(MV/m) 38.0 36.6 

B„ „„ (mTi 99.4 95.8 

Field limitation Quench Quench 

2 K tests 
Figure 3 shows the results of 2 K tests together with 4 

K results. The quench level of the EZOl at 2 K was the 
same as that at 4 K, but that of EZ02 was sHghtly higher 
than that at 4 K. The data of EZ02 also show the effect of 
helium processing. A short period (-12 minutes) of 
processing improved the performance drastically. 

^^v^ 
■..-. ■■ ■— .> 
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1 
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1 F+nx - 
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....    ...- -jl 
;-■■■;:-"^:.. ~ k .., 
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Figure 3: Qo-Eacc curves at 2 K together with 4 K data. 
The EZ02 data also include the curves before helium 
processing. After ~12 minutes of helium processing the 
performance improved drastically. 

Residual resistance 

We measured Qo at Eacc~l MV/m during the cooldown 
from 4 K to 2 K. By fitting the surface resistance, 
Rs=G/Qo, as a fiinction of 1/T, we determined the residual 
resistance of EZOl and EZ02 to be 12 nQ and 10 v£l, 
respectively. 
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ISSUES FOR FUTURE DEVELOPMENTS 

Penetrating field at the nominal coupler port 
It was found during our tests that the length (9.2 cm) of 

the 103 mm-diameter nominal coupler port was too short 
to avoid penetrating field. The results shown above were 
measured with niobium (Nb) blank flanges attached on 
these ports. When we tested with one stainless steel 
(SST) flange on one of these ports and one Nb blank on 
the other, the Qo was ~ 80 % lower as shown in Fig. 4. 

l.E+09 

Qo 

l.E+08 

l.E+07 

-Qall —«—Qnom SST Blank 

  
  

s »-g ̂ i W~m~4 h-:M^Jk"^ 

= r 

1--^ 

P ^. ̂ — 
1  
  -®-4K — 

5-^.1 m- 
— 

6 
E., ,{MV/in) 

10 12 

Figure 4: The Qo-Ea^o curves at 4 K and 2 K of the cavity 
EZOl with one stainless steel flange attached on the 103- 
mm-diameter nominal coupler port. The small increase of 
the Qo from 4 K to 2 K indicates the loss being dominant 
at the SST flange. 

A simulation using MWS with the real configuration, 
i.e., a SST fiange and a copper gasket, predicted Qo of 
2.4E8 in good agreement with the measured 2.6E8. 

To know the port distance required to avoid the field 
penetration, a model that has a 10 cm long spool piece 
made of SST terminated with a Nb plate attached on the 
coupler port was generated as shown in Fig. 5. Figure 6 
shows the cavity Qo calculated with different additional 
port length. An extension of 5 cm was determined to be 
enough to avoid the effect of the penetrating field. 

Figure 5: A model for the Microwave Studio calculations. 
A spool piece made of SST and ended with a Nb plate 
was added to one of the nominal coupler ports and the 
cavity port length was changed. 

„^„^ ^a..- ~.«-^ L ..Ai^l^ (    i 
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^"l.lE+OQ 

l.OE+09 
9.0E+08 
8.0E+O8 

0123456789    10 

Additional coupler port length (cm) 

Figure 6: The MWS calculation of Qo as a fimction of the 
additional port length. This shows that the penetrating 
field will not affect Qo with > 5 cm extension. 

Multipacting(MP), field emission and quench 
We have encountered the situation wliere we need 

conditioning for a few hours to process the MP. This 
usually occurs the first time we cooldown the cavity to 4 
K and after warming up to room temperature. The 
persistent MP levels are at E^^=\-2 MV/m and 4-6 MV/m. 

Regarding field emission, according to the X-ray data 
taken using a Nal detector put on the cryostat lid, EZOl 
and EZ02 started showing some X-rays caused by emitted 
electrons fi-om Eacc = 10.7 MV/m and 9.4 MV/m, 
respectively, after helium processing. 

Both cavities quench at similar gradients. Whether this 
was caused by field emitted electrons or defect(s) is 
unknown and remains to be identified as well as the 
quench locations. 

SUMMARY 
The two LANL designed spoke cavities have shown 

excellent results, encouraging us to strive for multi-spoke 
cavities for better real estate gradients as well as the 
development of the nominal coaxial power couplers. 
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Q DISEASE ON 350-MHZ SPOKE CAVITIES* 

T. Tajima^ R. L. Edwards, J. Liu, F. L. Krawczyk, D. L. Schrage, A. H. Shapiro, LANL, Los 
Alamos, NM 87545, USA 

Abstract 
Q disease, i.e., an increase of RF surface resistance due 

to hydride precipitation, has been investigated with 350- 
MHz spoke cavities. This phenomenon was studied 
extensively in the early 1990s with cavities at frequencies 
>1 GHz. This is possibly due to the fact that the lower- 
frequency cavities were believed to show insignificant 
effect. However, early 500-MHz KEK elliptical cavities 
and JAERI 130-MHz quarter wave resonators have shown 
significant Q degradation, suggesting that this disease can 
be a serious problem with lower-frequency cavities as 
well. Since there were no quantitative data with 350- 
MHz cavities, we decided to measure our two spoke 
cavities. Our spoke cavities were made of RRR~250 
niobium and were chemically polished -150 microns. A 
few series of systematic tests have shown that our spoke 
cavities do not show any Qo degradation after up to ~24 
hours of holding the cavity at 100 K. However, it starts 
showing degradation if it is held for a longer time and the 
additional loss due to the Q disease increases linearly. It 
was also found that our spoke cavity recovers from Q 
disease if it is warmed up to 150 K or higher for 12 hours. 

INTRODUCTION 
Q disease would pose a serious problem in the system 

where superconducting (SC) cavities cannot be cooled 
down in a short time. Although degassing hydrogen at 
>600 °C and careful surface treatment can cure this 
problem, heat treatment costs a significant amount of 
money and the niobium (Nb) softens. Thus, 
understanding the mechanism of Q disease and 
developing a way of treating the SC cavities without heat 
treatment will be beneficial. We have been investigating 
the Q disease using our 350-MHz spoke cavities named 
EZOl and EZ02 [1,2]. 

The first systematic test of checking the holding 
temperature range in which Q disease occurs suggested 
that the Q disease might occur after some time even if it 
does not occur during the first 12 hours [2]. This paper 
presents recent findings on the Q disease of the LANL 
350-MHz spoke cavities. 

TEST PROCEDURE 
We took the Qo-Eacc curves after warming up the cavity 

from 4 K to an intermediate temperature (70 - 150 K), 
holding it there for 12 hours and cooling it down to 4 K 
again. The detailed time evolution of the temperature 
during the test can be found elsewhere [1, 2]. When we 
tested the dependence on the holding time at 100 K, we 
repeated this procedure and used an accumulated time as 
the holding time, assuming the effect is the same as that of 
♦Work supported by the US Department of Energy under contract 
W7405-ENG-36. 
*tajima@lanl.gov 

holding the cavity at 100 K continuously. 

RESULTS 
Since we found that the Q disease occurs in our spoke 

cavities [1, 2], we started checking the temperature range 
of this occurrence by holding the cavity at temperatures 
starting from 70 K through 150 K every 10 K for 12 
hours. However, it was found after a series of tests that 
the Q disease does not occur within 24 hours at any 
temperature for our spoke cavities. We then started to test 
more prolonged holding times at 100 K, expecting from 
the past tests with longer holding times that the Q disease 
should occur 

Holding time dependence 
Figure 1 shows a collection of Qo-Eacc curves after 

every 12 hours of holding at 100 K up to 120 hours for 
our two spoke cavities EZOl and EZ02. These two 
cavities were fabricated from the same Nb sheets of 
RRR~250. 

I.E+IO 1 =^ 

Qo 
Initial  EZOl - 
/ 
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Figure 1: A collection of Qo-Eacc curves of the cavities 
EZOl (top) and EZ02 (bottom) measured at 4 K after 
every 12 hours of holding the cavity at 100 K up to 120 
hours. 

As one can see, the Q disease occurred on both cavities, 
but the amount of degradation was different. 

Figure 2 shows the additional surface resistance as a 
fimction of the accumulated holding time with 0 being the 
initial value.    It was found that the additional surface 
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resistance starts increasing at ~24 hours and it increases 
linearly. This linear increase is consistent with published 
data [3]. 

S 
JS o 
B 

a o 

100 

80 

60 

40 

20 

-20 

y 

/ ^w" *- 

jg 
^^ 

JSr^^" 

, ^^M^ 
j^M^ EZ02 

50 100 150 

Total holding time (h) 
200 

Figure 2: Additional surface resistance due to Q disease as 
a function of accumulated holding time at 100 K. The 
data was taken at Ea<;c=4 MV/m. 

Surface resistance vs. temperature 
Figure 3 shows the surface resistance R^ of the initial 

cavity (top) and the Q-degraded cavity (bottom). It was 
found that there is a kink at -2.18 K in the Q-degraded 
cavity, below which the Rs gets lower more rapidly. This 
suggests the existence of a weak superconductor that has a 
TcOf~2.18K. 
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Figure 3: Surface resistance Rj as a fimction of 
temperature of the initial (top) and Q-degraded cavity 
EZ02 (bottom). 

Very low field behavior 
We checked the Qo at field levels lower than Eacc=l 

MV/m that corresponds to a peak magnetic field 
Bpeak=7.38 mT. Figure 4 shows a Qo-Eacc curve at 2 K, 
including those data, with the cavity EZ02 that was held 
at 100 K for a total of 180 hours. It was found that the 
slope of the curve is steeper at these field levels, and the 
Qo increases as the field gets lower. This steep Qo drop at 
Eacc<l MV/m means a rapid increase of RF losses at these 
low field levels, i.e., there exists some mechanism that 
causes it such as a superconductor that has a low critical 
magnetic field or an increase of so-called weak links [7]. 
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Figure 4: Qo-Eacc curve at 2 K of the Q-degraded cavity 
EZ02. This cavity was held at 100 K for a total 180 
hours. The Qo at the lowest measured Eacc=0.37 MV/m 
was 4.54E9, which was still lower than the initial value of 
~6E9 of the non-degraded cavity. 

Temperature to recover the Q disease 
To determine the temperature at which the Q disease 

recovers, we tried to warm up the degraded cavity EZ02 
fi-om 4 K to 150 K and held it at 150 K for 12 hours and 
took the Qo-Eacc curve after cooling down to 4 K again. 
The performance recovered to the initial level. Then, we 
tried to degrade the cavity again and repeated this 
procedure at 130 K and 140 K. There was no change 
from the degraded performance. Therefore, it was 
concluded that the Q disease heals by warming up the 
cavity to 150 K, but not 140 K or lower for our spoke 
cavity EZ02. We have not tested this transition 
temperature with the cavity EZOl. It might be higher 
since this transition temperature depends on the 
concentration of untrapped hydrogen [3]. 

Hydrogen content in the material 
A preliminary measurement on the content and the 

depth profile of hydrogen (H) was performed using 
ERDA (Elastic Recoil Detection Analysis). The following 
3 Nb samples were tested: A) an untreated Nb that was 
taken from the Nb sheet that was used to fabricate the 
spoke cavities, B) chemically polished 155 microns from 
sample A and C) chemically polished 193 microns from 
sample A. The chemical polishing was done simulating 
our standard procedure, i.e., buffered chemical polishing 
(BCP) using a mixture of HF:HN03:H3P04=1:1:2 by 
volume and keeping the solution temperature at <15 °C. 
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Regarding the depth profile, the H is concentrated 
within 100 nm from the surface, which is consistent with 
the data in [4]. As to the amount of integrated content of 
H, there is only relative comparison at the time of writing. 
The result was that the 155-micron chemically polished 
sample showed the least and it was 54 % less than the 
untreated sample. This may confirm the hypothesis that 
proper BCP can reduce the amount of H content [5]. The 
193-micron polished sample showed an increase of H 
content by 57 % compared to the 155-micron polished 
sample. This may indicate that the prolonged chemical 
poUshing might increase the H content. It should be 
noted, however, that this experiment was the very first 
attempt and the result is preliminary. 

DISCUSSIONS 

A superconductor having Tc of 2.18 K? 
The Rs versus T curve shown above suggests the 

presence of a superconductor that has a T^ of 2.18 K. 
Carefully looking at a figure (Fig. 4) in a past paper [6] 
that shows similar data with a 4 GHz Q-degraded cavity, 
one can find a similar change of slope at the same 
temperature, although this was neglected in the paper 
because there was another kink at 2.8 K in the figure and 
it seemed more pronounced. We did not find any change 
of slope at 2.8 K in our cavity. Producing a model that 
could explain the phenomenon with a thin layer of a weak 
superconductor having Tc = 2.18 K is under way. 

Difference between the two cavities 
As shown above, the amount of Q degradation was 

fotmd to be different between the two spoke cavities 
tested. This may indicate that the H content of EZOl is 
higher than that of EZ02. To the best of our knowledge, 
the two cavities were fabricated from the Nb sheets taken 
from the same lot. The possibilities of H uptake are the 
conditions of, BCP, rinsing after BCP, and during high- 
pressure rinsing with ultra-pure water. At the time of 
writing, the thorough analyses of these conditions have 
not been done yet and it might be difficult due to lack of 
detailed data. 

SUMMARY AND FUTURE PLAN 
We have tested two 350-MHz spoke cavities to 

investigate the occurrence of Q disease. The following 
siunmarizes the findings. 

• The Q disease does not occur if the cavity was held 
in the dangerous temperature range within 24 
hours, but it occurs for a prolonged holding time. 

• Once the Q disease occurs, the additional Rs 
increases linearly with the total holding time. 

• Q-degraded cavities show a change of slope in the 
Rs at 2.18 K, which suggests the presence of a 
weak superconductor having a Tc of 2.18 K. 

• One of our cavities showed a full recovery from Q 
disease by warming up the cavity to 150 °C or 
higher for 12 hours. The transition temperature 
was determined to be 140 °C <T< 150 °C, but it 
may be different depending on the H content. 

• A preliminary test on the H content has shown that 
our standard procedure of 150 micron BCP could 
reduce the H content by ~ 54 %, although further 
BCP might increase it again. 

Although there is no immediate plan, it would be 
interesting to see the results of similar 350-MHz spoke 
cavities being developed elsewhere. 
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UPDATE ON RF SYSTEM STUDIES AND VCX FAST TUNER WORK FOR 
THE RIA DRIVER LINAC* 

B. Rusnak, S. Shen, Lawrence Livermore National Laboratory 
Livennore, CA 94550, USA 

Abstract 
The limited cavity beam loading conditions anticipated 
for the Rare Isotope Accelerator (RIA) create a situation 
where microphonic-induced cavity detuning dominates 
radio frequency (RF) coupling and RF system architecture 
choices in the linac design process. Where most 
superconducting electron and proton linacs have beam- 
loaded bandwidths that are comparable to or greater than 
typical microphonic detuning bandwidths on the cavities, 
the beam-loaded bandwidths for many heavy-ion species 
in the RIA driver linac can be as much as a factor of 10 
less than the projected 80-150 Hz microphonic control 
window for the RF structures along the driver, making RF 
control problematic. While simply overcoupling the 
coupler to the cavity can mitigate this problem to some 
degree, system studies indicate that for the low-P driver 
hnac alone, this approach may cost 50% or more than an 
RF system employing a voltage controlled reactance 
(VCX) fast tuner. An update of these system cost studies, 
along with the status of the VCX work being done at 
Lawrence Livermore National Lab is presented here. 

INTRODUCTION 
The Rare Isotope Accelerator, as it is presently 
envisioned, is a heavy-ion accelerator capable of 
efficiently accelerating all stable or near-stable isotopes 
from protons to uranium. To meet the nuclear physics 
objectives of producing proton- and neutron-rich nuclei 
far from stability, the machine would be used to drive 
either heavy nuclei into a fast-fragmentation target or 
protons into an isotope separator on-line (ISOL) target. 
The specification of 1 puA of 400 MeV/nucleon U-238 on 
target is needed to obtain the largest isotope range out of 
the fragmentation target and is limited by the current 
available from an electron cyclotron resonance (ECR) 
source. Using protons to drive the ISOL targets bounds 
the Kght end of the ion spectrum and requires the cavities 
to accommodate a very large velocity range and 
acceleration rate. By utilizing short, low-frequency RF 
cavities between 57-345 MHz on independently-phased 
RF generators, large cavity velocity acceptances can be 
realized. This is achieved by using a combination of 
superconducting accelerating structure types that are 
common to the heavy ion superconducting RF (SRF) 
accelerator community and span quarter-wave, half-wave, 
and spoke, as well as elliptical, cavities [1]. The 
combination of Ught and varying beam loading (~10's- 
lOO's of uA) and very high cavity quality factor (Q ~ lO') 

*Work performed under the auspices of US Department of Energy 
by Lawrence Livermore National Laboratory under contract 
W-7405-Eng-48. 

provides an engineering challenge as how one can most 
efficiently couple RF power into the cavities, thereby 
minimizing capital and operating costs. 

RF CONTROL REQUIREMENTS 
In any RF accelerator, it is desirable to optimally and 
efficiently couple RF energy into the beam-loaded 
resonator. In normal conducting accelerators, the power 
dissipated in the cavity walls plays a significant role in 
setting the loaded Qi bandwidth of the cavity, since these 
losses are generally comparable to or greater than the 
beam power in the cavity. In superconducting 
accelerators, the extremely low loss and resulting high 
unloaded Qo of a cavity changes the RF control situation 
appreciably. The first consequence is that even modest 
beam current completely dominates the Qi bandwidth of 
the structure. The second consequence is that the cavity is 
vulnerable to slight mechanical deformations that can 
appreciably change the resonant frequency of the cavity. 
Since superconducting niobium cavities are typically 
made of high-purity niobium sheet metal, this makes them 
prone to micro-scale deflections from vibrations, 
cryogenic pressure variations, and ponderomotive 
detuning. 

For beams where the current is appreciable (>1 mA), 
setting the RF coupler for matched coupling to the beam 
results in a loaded cavity bandwidth of many lOO's of 
Hertz or more. Bandwidths in this range are usually 
sufficient to mask the effects of microphonic detuning on 
a cavity. When beam loading becomes lighter (~10's to 
lOO's of uA), the matched beam-loaded bandwidth 
becomes comparable to or less than the bandwidth of the 
microphonic excitations. This leads to significant low- 
level RF control problems since the cavity resonant 
frequency is moving around the linac set point frequency 
by multiples of a cavity resonant bandwidth. 

To maintain stable accelerating voltage in the cavity, three 
basic strategies are available: 1) Beam-match couple to 
the cavity and attempt to adapt to the microphonic-driven 
detuning by rapidly driving in increased generator power 
when the cavity detunes in a locaHzed microphonic 
excursion; 2) greatly overcouple the cavity beyond beam 
match with the drive coupler to increase the bandwidth; or 
3) try to reduce the microphonic-driven detuning 
bandwidth directly. The first two approaches result in 
wasted RF power and larger capital costs for installed 
capacity, while the third requires some sort of fast tuner. 
The situation is shovra graphically in Fig. 1 for a 345- 
MHz two-gap spoke resonator. The case where the cavity 
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is overcoupled would be for a Q, a factor of 10 below 
~1.3xl0', and for the beam-match coupled case the 
dashed curve would be the generator power needed to 
maintain cavity fields with microphonics. 

100,000 

1.E+05 1.E+06 1.E+07 

external Q 

1.E+08 

Fig. 1. Plot shows the RF generator power needed t 
maintain cavity fields at the desired level for a 345-MH 
spoke cavity with 413 uA of beam current. The uppe 
dashed and lower light-weight line indicate the powe 
needed for minus and plus 40 Hz of microphoni 
detuning, respectively. The heavier solid bottom curve i 
for beam-induced detuning as well as the fast-tune 
compensated microphonics case. 

Microphonics 

The issue of what constitutes a reasonable microphoni 
vnndow is rather complicated and difficuh to establisl 
On lightly beam-loaded heavy-ion superconducting 
accelerators like ATLAS, control windows for 
microphonics are quoted as being around 150 Hz [2]. 
Discussions at recent workshops [3] [4] [5] have indicated 
that while measured microphonic excursions by a given 
cavity may only be 5-15 Hz, having a factor of 10 on the 
overall control window for the system of cavities on the 
linac is necessary, since the actual spread of detuning 
across a distribution of cavities will be larger than it is for 
a singular cavity. This methodology of having a modest 
actual detuning range, multiplied by a margin factor, shall 
be used for the comparisons presented in this paper. 

RF SYSTEM LAYOUTS AND COST BASIS 
Two conceptual RF system designs were developed for 
comparison purposes. The first system used overcoupling 
to increase the bandwidth to ameliorate the effects of 
microphonics. The second used some form of fast tuner to 
significantly reduce the microphonic-induced detuning 
window. 

In the assessment, components were chosen appropriate to 
the operating conditions anticipated. In the overcoupled 
case, transmission lines, power couplers, and circulators 
needed to handle infinite voltage standing wave ratio 
(VSWR) conditions on a continuous wave (CW) basis. 
This case also required larger RF amplifiers to drive the 
system. The fast-tuner system was similar, except the 
overall system power was substantially less, thereby 
lessening the power handling requirements on these 
components and decreasing the generator size. The fast- 

tuner assembly and impacts on the cryogenic system were 
also taken into account. 

The conceptual designs for the respective RF systems 
were significantly affected by the large variation in 
component choices between the 500 W and 20 kW power 
ranges. A survey of four companies was carried out to 
determine component prices, which were used to establish 
a credible representative market price for each system. 
Fig. 2 shows the variations average cost in CW RF 
amplifiers at low power. The staircase effect suggests one 
would like to choose amplifier sizes to maximize cost 
efficiency. Fig. 3 shows how the data extends to higher 
power ranges using a more conventional dollar-per-Watt 
metric. 

-57 MHz 

-173 MHz 

-115MHz 

-345 MHz 

50,000 

40,000 

S 30,000 

1000      2000      3000     4000 

CW power (W) 

5000     6000 

Fig. 2. Cost data for narrow-band RF amplifiers as a 
fimction of output power. The amplifiers were either 
Class A or AB. 
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Fig 3. Cost data expressed in dollars per Watt as a 
function of power level. Power-function fits show how the 
data scales to higher power values consistent with 
$3-5 AVatt. 

COST COMPARISONS 
Applying the cost data to the two RF architecture 
concepts, a cost comparison was done between fast-tuning 
and overcoupling-compensated microphonic cases. 
Table 1 shows that utilizing a form of fast tuning can 
reduce the installed RF power required by as much as a 
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factor of 3 and reduce the capital cost by a factor of 1.5, 
potentially saving on the order of 6 million dollars. 

Cavity Type Overcoupled Case 
Fast-Tuner 

Compensated 
Installed section installed section 

low 3 RF power cost RF power cost 
(MHz) (W) (k$) (W) (k$) 

57.5 160,000 2,155 30,000 1,160 
115 225,000 2,424 45,000 1,576 

172.5 520,000 7,522 104,000 3,642 
345 160,000 5,508 160,000 5,098 

totals: 1,065,000 17,609 339,000 11,476 

Table 1. Results of a cost comparison exercise between 
overcoupled and fast-tuner compensated approaches for 
handling microphonic detuning on the low-beta section of 
the RIA driver linac. In the 345-MHz case, while the 
installed power is the same, the costs differ since the RF 
match is better, resulting in lower VSWR operation. 

Evaluations were also made on the impacts of using fast 
tuning on the elliptical cavity portions of the linac, which 
indicate a potential reduction in installed RF power of a 
factor of 5.1, and a cost savings on the order of 11 million 
dollars could be realized. Further development would be 
needed to extend the present work to 805 MHz elliptical 
cavities. 

FAST TUNING 
The potential for appreciable cost savings using fast 
tuning on the RIA driver linac, combined with improved 
efficiency of the machine resulting from better coupling, 
is motivating work on advancing the design of the voltage 
controlled reactance (VCX) fast-tuner concept that was 
originally developed and applied on ATLAS at Argonne 
[6]. The original Argonne approach utilized 10 PIN-type 
RF-switching diodes combined with lumped inductive 
and capacitive elements, all immersed in liquid nitrogen, 
to change the reactive impedance of the cavity to effect a 
rapid change in the resonant frequency of the system of 
the cavity plus tuner. By switching the PIN diodes from 
full conduction to full isolation at 25 kHz, the desired 
precise accelerator frequency can be approximated by the 
vector sum of the cavity voltages corresponding to the on 
and off state of the tuner. To compensate the observed 
microphonic detuning windows on ATLAS, 15-20 kVAR 
(voltage-ampere reactive) of reactive power was switched. 

This approach has worked for over 20 years on ATLAS at 
up to 97 MHz. To extend the technology to higher 
frequency and reactive power ranges, a different design 
approach is being developed and evaluated that utilizes 
distributed inductive and capacitive elements in a 
transmission-line configuration, but keeps the same 
proven lumped-element, high-power PIN diodes used 
originally. The new configuration offers the possibility of 
being more broadband for higher frequencies than an 

approach relying on lumped elements and is also 
potentially extendable to switching reactive power levels 
up to75-100 kVAR by readily adding larger numbers of 
PIN diodes. A drawing of the distributed element 
approach being investigated is shovra in Fig 4. 

Fig 4. Drawing of a distributed element approach for a 
high-frequency VCX. The light components are ceramics 
acting as capacitors, and the PIN diodes are the 
circumferentially distributed cylinders. The region where 
the PINs are located would be filled with liquid nitrogen. 

CONCLUSIONS 
The light beam loading conditions envisioned on the RIA 
driver linac offer unique challenges and opportunities in 
efficiently coupling RF power into superconducting 
cavities. Studies have shown that appreciably less 
installed RF power is needed when a fast tuner is used to 
compensate microphonics. This benefit is motivating 
work on advancing the design of a higher frequency, 
higher power version of the original VCX tuner concept 
used on ATLAS. 
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P. Kneisel, L. Turlington 
Thomas Jefferson National Accelerator Facility, Newport News, VA, USA 

Abstract 
The Rare Isotope Accelerator (RIA) driver linac will 

produce >400 MeV/u proton through uranium beams 
using many types of superconducting accelerating cavities 
such as qtiarter wave, spoke, and elliptical cavities. A 
cryomodule design that can accommodate all of the 
superconducting cavity and magnet types is presented. 
AUgnment of the cold mass uses a titanium rail system, 
which minimizes cryomodule size, and decreases both the 
tunnel cross-section and length. The titanium rail is 
supported from the top vacuum plate by an adjustable tri- 
link, which is similar to existing Michigan State 
University magnet technology. A prototype cryomodule 
is under construction for testing 805 MHz, v/c=0.47, six- 
cell niobium cavities in realistic operating conditions. 
Details of the design and progress to date are presented. 

mXRODUCTION 

The Rare Isotope Accelerator (RIA) driver linac is 
designed to accelerate heavy ions to 400 MeV/u 
(P=v/c=0.72) with a beam power up to 400 kW [1]. To 
obtain these intensities, partially stripped ions are 
accelerated in a 1400 MV superconducting linac. A 
design based on the 80.5 MHz harmonic requires six 
cavity types as shown in Table 1 [2]. The first and last 
cavity types were developed for other linacs and the 
remaining four are variants of these two. 

A rectangular cryomodule design with cryogenic 
aligimient rail that can accommodate all of the 
superconducting cavity and magnet types is proposed for 
RIA. This type of module has been used at Michigan 
State University (MSU), TESLA, INFN Legnaro and 
Argonne National Laboratory. In particular, a prototype 
cryomodule for the elliptical cavities with geometric p, 
Pgeo, of 0.47 (optimum p. Pop,, of 0.49) is presented and 
easily extends to the other cavity types. While the 
Spallation Neutron Source (SNS) has already developed a 
cryomodule that could be used for the elliptical cavities of 
RIA [8], it would be inappropriate for the drift tube 
cavities, and significant simplifications and cost savings 
are possible with the rectangular cryomodule due to 
RIA's continuous, relatively low power beam. 

Table 1. Overview of RIA Driver Linac Cavities (80.5 
MHz harmonic). 

3oDt f(MHz) Type Status 
0.041 80.5 X/4 Developed for 

INFN Legnaro [3] 
0.085 80.5 X/4 Prototype in 

Fall 2003 [4] 
0.160 161 X/4 Prototype in 

Summer 2003 [41 
0.285 322 Spoke 

X/2 
Demonstrated in 

2002 
0.49 805 6-cell 

Elliptical 
Demonstrated in 

2002 [5] 

0.63 805 6-cell 
Elliptical 

Developed for 
SNS [6] 

* Work supported by DOE DE-FG02-00ER41144 
^griinm@nscl.msu.edu 

DESIGN 

Beam dynamics simulations for efficient beam 
transport with minimal emittance growth have shown that 
four p=0.47 cavities per cryomodule with cavity 
alignment tolerances of ±1-2 mm are acceptable [9]. 
Figure 1 shows the rectangular cryomodule with four 805 
MHz p=0.47 six-cell cavities, and Table 2 shows the main 
parameters. 

The cavity with titanium helium vessel, power 
coupler and tuner are shown in Figure 2. The first 
transverse mechanical mode of the cavity is damped by 
attaching the center of the cavity to the helium vessel with 
titanium spokes. A titanium to stainless transition is used 
to attach the cavity to the helium manifold. No higher- 
order-mode dampers are required due to RIA's relatively 
low beam current [10]. An external room- temperature 
frequency tuner is used for improved reliability and 
maintainability. An extemal actuator can also be used to 
damp microphonics. 

The input rf power is less than 10 kW for beam 
loading and microphonics control. The same ceramic 
window as SNS is used and transitioned to a smaller 
diameter vacuum coax for capacitive coupling to the 
cavity [11, 12]. The outer conductor does not require 
helium gas cooling which greatly simplifies the cryoplant. 
The thermal load from the power coupler to the helium 
system was calculated assuming 10 kW of rf power and a 
center conductor at room temperamre. The outer 
conductor is 0.89 mm thick stainless steel with 8 microns 
of RRR=10 copper. Figure 3 shows the temperature 
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1   METER 

Figure 1. RIA Cryomodule with four p=0.47 elliptical cavities (side and end view). 

profile along the outer conductor, which has a liquid 
nitrogen intercept. The helium and nitrogen load are 1.6 
and 4 W per coupler respectively. Operation with 50 K 
helium gas in lieu of liquid nitrogen would further 
decrease the helium load. 

Table 2. Design specifications of RIA cryomodule. 

Cavity                                                        1 
Frequency 805 MHz 
v/c = P 0.47 
He Vessel Diameter 0.362 m 
Total Mass 71.6 kg 
Beam Aperture 0.075 m 
Design Q 5x10^* 
Vacc 4.2 MV 
RFloss 22 W 
Input RF power <10kW 

1 Cryogenic Module                                     | 
Length 4.0 m 
2K Cold Mass 400 kg 
Total Module Mass 3000 kg 
# Bayonets 4 
# Support Links 6 
2K Heat Load 

Power Coupler 1.6W/ea 
Tuner 0.8 W/ea 
Total/RF OFF 15 W 
Total / RF ON 103 W 

Shield Heat Load <100W 
Pressure Rating 

2K System 3 bar 
Thermal Shield 10 bar 

All four cavities are rigidly aligned on a titanium rail 
with optical fiducials at the ends and center of* the rail that 
can be viewed when cooled to 2 K to verify alignment. 
The 2 K cold mass is assembled in a Class 100 cleanroom 
as shown in Figure 4. The cavities are aligned using 
push-pull mechanisms and shims outside the cleanroom. 

The 2 K cold mass is supported with six nitronic links. 
The link forces are monitored using strain gauges. Two 
magnetic shields and a 77 K thermal shield are supported 
by the helium distribution and thus mechanically isolated 
from the 2 K cold mass. The vacuum vessel is made fi-om 
low carbon steel plate. During transportation pins secure 
the cold mass to the vacuum vessel, and a stiffener is 
inserted into the power coupler. The most sensitive 
component to shock is the power coupler's inner 
conductor, which will plastically deform above 4.6g. 

Figure 2. Cavity with heliimi vessel, power coupler and 
tuner. 

The cryogenic distribution system houses the control 
valves and heat exchangers to simplify the cryomodule 
and allow commissioning of the cryogenics before 
installation of the cryomodule. 

The rectangular cryomodule with titanium rails offers 
several advantages over that used for the SNS. The 
rectangular design concept can be used for all of the RIA 
superconducting cavities and superconducting magnets. 
The module will cost less than half that of SNS.   The 
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smaller helium vessel simplifies construction and 
processing of the cavities, and decreases the cryomodule 
width, thereby decreasing the tunnel width. Also, the 

fc -> 350 
300 
250 
200 
150 
100 
50 

C   0.05  0.1   0.15  0.2  0.25  0.3 

Coupler Axis (m) 

Figure 3. Temperature profile along outer conductor of 
the power coupler. 

titanium rail and small helium vessel simplify fixturing 
and alignment of the cavities. The lower power rf 
couplers do not require helium gas cooling which 
simplifies the coupler and cryoplant, thereby decreasing 
the module and turmel length. With the cryogenic 
controls adjacent to the module, the room temperature slot 
length for diagnostics and focusing elements can be 
reduced, again decreasing the tunnel length. The cavity 
tuner is removed from the cold mass and operated at room 
temperature for improved reliability and maintainability. 

Figure 4. Clean room assembly of 2 K cold mass. 

CONSTRUCTION AND TEST PLANS 

A two cavity version of the rectangular cryomodule 
is under construction to demonstrate performance and 
costing. The cavities shown in Figure 2 are complete and 
will be tested in a vertical dunking Dewar in the summer 
of 2003. Next the 2 K cold mass will be assembled and 
then installed inside the cryomodule for testing by the end 
of 2003. Once the design has been demonstrated for 
elliptical cavities, a low beta version for the quarter-wave 
and half-wave cavities will be constructed. 
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Abstract 
The Rare Isotope Accelerator (RIA) will accelerate 

heavy ions to >400 MeV/u using an array of 
superconducting cavities. A proposed linac design based 
on harmonics of 80.5 MHz will require six cavity types to 
cover the entire velocity range: three quarter wave 
resonators, one spoke cavity (half wave resonator), and 
two 6-cell elliptical cavities. A prototype 322 MHz 
niobium spoke with optimum velocity of 0.28c has been 
fabricated. Each spoke would generate over 1 MV at 4 K 
for acceleration from v/c=0.20 to 0.40. Details of the 
design and experimental study are presented. 

INTRODUCTION 

The Rare Isotope Accelerator (RIA) driver linac is 
designed to accelerate heavy ions to 400 MeV/u 
(P=v/c=0.72) with a beam power up to 400 kW [1]. To 
obtain these intensities, partially stripped ions are 
accelerated in a 1400 MV superconducting linac. A 
design based on the 80.5 MHz harmonic requires six 
cavity types as shown in Table 1 [2]. Two of the cavity 
types were developed for other linacs and the remaining 
four are variants of these two. This paper presents the 
design and experimental results of the 322 MHz niobium 
spoke cavity with an optimum p, Pop,=0.28. 

Table 1:   Overview of RIA Driver Linac Cavities (80.5 
MHz harmonic). 

DESIGN AND FABRICATION 

3oDt f(MHz) Type Status 
0.041 80.5 X/4 Developed for 

INFN Legnaro [31 
0.085 80.5 114 Prototype in 

Fall 2003 [41 
0.160 161 IIA Prototype in 

Summer 2003 [41 
0.285 322 Spoke 

Xll 
Demonstrated in 

2002 
0.49 805 6-cell 

Elliptical 
Demonstrated in 

2002 [5] 
0.63 805 6-cell 

Elliptical 
Developed for 

SNS [61 

Figure 1: Cross section of spoke 

The spoke cavity (or half-wave resonator) design is 
based on coaxial tubes that are formed using dies and 
mandrels. Sheet and plate niobium of RRR>150 was used. 
The inner and outer tubes, 24 cm and 10 cm inner 
diameter, are formed from 2 mm sheet. The beam ports 
and rf coupling ports are identical and at the median 
plane, which requires capacitive coupling for the rf. The 
beam aperture is 3 cm. These four ports are the only 
access to the cavity for chemistry and high-pressure rinse. 
They are indium sealed providing beamline and cryostat 
vacuum isolation. No helium vessel is required for this 
prototype to quickly verify electromagnetic performance 
and address multipacting and microphonic issues. 
Lorentz detuning is not a concem for RIA since it is a cw 
machine. 

Table 2: Design parameters of spoke 

*Work supported by Michigan State University 
grimm(%nscl.msu.edu 

Design Specifications           1 
Type Xll 

Pont 0.285 
f(MHz) 322 

Vacc(MV) 1.04 
T(K) 4.2 

0„ 2.5x10* 
P„(W) 21.8 
U(J) 2.68 

R/OfQ) 199 
R,(nn) 244 

E„eak(MV/m) 16.5 
B„eak(mT) 45.3 

0-7803-7738-9/03/$17.00 © 2003 IEEE 1353 
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Table 2 shows the electromagnetic design parameters 
of the cavity [7]. A single-spoke cavity with two 
accelerating gaps was chosen to cover the velocity range 
from v/c=0.20 to 0.40. While multi-spoke structures 
could decrease the number of units, it would require more 
than one cavity type of increased complexity [8]. Figure 
2 shows the effective accelerating voltage of the driver 
linac cavities through the acceleration chain. 
s 
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Figure 2: Effective accelerating voltage of driver linac 
cavities. The 322 MHz spoke is shown boldfaced/blue. 

Electron beam welding with pressure less than 3x10'' 
torr was used to join the niobium parts. All parts were 
etched >10 \im prior to welding. Figure 3 shows all of the 
niobium parts before final electron beam welding. After 
welding was complete, a final etch of 120 ^m using 
pumped and chilled 1:1:2 buffered chemical polish was 
performed. Next the cavity was high-pressure rinsed for 
an hour and allowed to dry in a Class 100 cleanroom. 
Finally the vacuum ports and antennae were attached and 
the cavity installed on the dunking Dewar insert prior to 
testing as shown in Figure 4 [9]. 

Figure 4:  Spoke cavity on the dunking Dewar insert. 

EXPERIMENTAL RESULTS 

The electric field profile along the beam axis was 
measured using a bead pull technique and is shown in 
Figure 5. The field unflatness was relatively small at 
2.5 %. During the first test in December 2002, the input 
and pickup couplers were fixed with coupling strengtiis, 
Qext, of 1.4x10' and 1.6xlO" respectively. 

5 10 
z [arbitraiy units] 

15 

Figure 3: Niobium parts before final welding. 

Figure 5:   Bead pull measurement showing the electric 
field profile along the beam axis. 

No bakeout of the cavity was performed and the base 
pressure was 1.6x10"^ torr at which point the cavity was 
cooled to 4.3 K. Conditioning took about 1 hour to 
remove multipacting barriers at peak electric fields, Ep, of 
0.25-0.45 MV/m. These barriers were consistent with 
calculations showing one-point multipacting on the outer 
conductor at the high electric field region. 
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Figure 6:  Cavity quality factor versus peak electric field. 

Designs are underway to incorporate a titanium 
helium vessel, tuner and high power coupler, and test the 
cavity under realistic operating conditions in a RIA 
horizontal cryomodule. A prototype cryomodule is under 
construction for the RIA 6-cell structures that can be 
modified for the spoke cavity [10]. To date, four of the 
six cavity types for the 80.5 MHz RIA driver linac have 
been demonstrated and the remaining two should be 
tested in 2003. 
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X-RAY TOMOGRAPHY OF SUPERCONDUCTING RF CAVITIES* 

S.E. Musser''', T.L. Grimm, W. Hartung, 
National Superconducting Cyclotron Laboratory, Michigan State University, E. Lansing, MI, USA 

Abstract 
Field emission loading limits the performance of a 

significant fraction of the cavities in existing 
superconducting accelerators. The field emission 
produces an additional load to the cryogenic system; it is 
a source of dark current and background radiation in the 
accelerator; and it can lead to RF breakdown if the cavity 
is pushed to its limits. The field-emitted electrons are 
accelerated by the RF field and strike the cavity wall, 
generating Bremsstrahlung x-rays. The regions of x-ray 
emission (intensity and energy spectrum) can be located 
by using a collimated Nal detector placed outside the 
cryostat and radiation shield. The x-ray emission sites can 
be reconstructed using tomographic techniques. Particle 
tracking simulations can be used to trace the field 
emission electrons back to their source in order to help 
identify the locations of the surface defects. 

INTRODUCTION 
Field emission (FE) in superconducting radio frequency 

(SRF) cavities is a primary factor that limits the surface 
electric field. Sources of field emission include surface 
roughness, dust or micro-particles, grain boundaries, 
adsorbed gas and impurities in the metal itself. Additional 
sources of electrons such as antenna discharge and 
multipacting can also limit cavify performance. 

FE is normally a steady state phenomenon, but RF 
breakdown can occur when regular FE currents increase 
exponentially. RF breakdown fiirther limits the operation 
of accelerators and can cause irreversible damage to their 
physical structures. The sequence of events leading to RF 
breakdown is varied, but typically when under high 
gradient operation dark current, x-rays, pressure and 
temperature changes appear before a structure begins to 
break down. 

The field-emitted electrons are accelerated by the RF 
field and strike the cavity wall, generating 
Bremsstrahlung x-rays. The x-rays have been detected on 
general radiation monitoring systems and coincide with a 
fall of the quality factor (Q) value while the electric field 
is increased [1]. Though a good determination of cavity 
performance, the location of the x-rays and the possibility 
of multiple sources cannot be determined. 

X-ray images of a single-cell cavity were taken through 
a Dewar and magnetic shield using a lead "pinhole 
camera" and high sensitivity re-useable x-ray film [2]; 
this approach has proven successful but lacks three- 
dimensional and energy information. 

Carbon resistors placed on the cavity wall have been 

used for thermometric diagnostics of cavities in 
identifying the actual electron impact location(s). Field 
emission simulations are used to locate the source of the 
field-emitted electrons [1,3]. This system has proven 
successfiil also, and has been used by several labs. 

In utilizing x-ray tomography, the regions of x-ray 
emission (intensity and energy spectrum) can be located 
by using a collimated sodium iodide (Nal) detector placed 
outside the cryomodule and radiation shield. By 
positioning the detector in each plane a tomographic 
image of the cavity can be reconstructed. The image will 
accurately locate the source(s) and energies of x-rays in 
SRF cavities being tested or in operation. Knowing the 
location of the x-rays and the maximum electron kinetic 
energy, field emission simulations can be used to 
determine the location of the source of electrons and thus 
surface defects. Other than FE fi-om the cavity wall the 
electron source may be discharge from the anteima, 
multipacting, discharge fi-om the window, residual gases 
(plasma) in the cavity or residual gases in the cavity that 
adsorb to micro-particles and change the potential barrier. 

When successful, x-ray tomography should make it 
easier to identify defects and greatly facilitate 
superconducting radio frequency research and 
development. 

DESIGN 
A horizontal test of the Pg=0.47 6-cell cavity for the 

Rare Isotope Accelerator (RIA) is being planned [4]. This 
provides good opportunity for x-ray imaging, as the 
detector assembly can be placed within 50mm of the 
cryomodule wall. This will provide good spatial 
resolution of the cavity inside. 

A detector with slit coUimation, moving perpendicular 
to slit orientation along the entire cavity length, will 
locate the source of x-rays in one plane (see Fig. la). A 
1.5mm slit collimator through 102mm of lead will provide 
full width half maximum horizontal resolution of 3.3mm 
to 8.4mm. 

The slit will then be replaced with a parallel hole 
collimator and positioned at the plane of the x-ray source. 
An angular scan over the cavity diameter will locate 
emission along a chord (see Fig. lb). Additional scans 
will provide three dimensional or tomographic imaging 
and resolve multiple sources (see Fig. 4). A parallel 
seven-hole collimator with 1.5mm hole diameter and 
1.8mm septa thickness through 102mm of lead will 
provide fiill width half maximum resolution of 9.9mm to 
15.0mm. 

♦Work supported by the National Science Foundation 
*E-mail:musser@nscl.msu.edu 
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b) 

Parallel hole 
collimator 

Figure 1: (a) Top view of slit collimator scanning the 
cryomodule in the horizontal direction [4,5]. (b) End view 
of parallel hole collimator scanning the diameter of the 
cavity [4,5]. 

Detector 
The x-ray spectrum is measured with an ORTEC 

50mnix50mm integral sodium iodide (Nal) crystal and 
photomultiplier tube (PMT). Sodium iodide was chosen 
as the scintillator since it provides adequate energy 
resolution and good efficiency. Sodium iodide can be 
obtained in almost any shape and size so it is possible to 
arrange an array of detectors along the scintillator to form 
a gamma camera [6]. 

Data Acquisition 
Data is acquired with a digiDART portable multi- 

channel analyzer (MCA). The portable MCA is connected 
to a host computer via a universal serial bus (USB) port. 
The host computer, running a MAESTRO-32 software 
package, emulates an MCA and is used to display and 
archive the spectra. 

Data Analysis 
Energy spectra from a p=0.47 single cell cavity [7] 

inside a dunking Dewar that was housed in a 0.8m 
concrete walled bunker were measured. A typical energy 
spectrum measured with an unshielded, non-coUimated 
Bicron 76mmx76mm integral Nal crystal and PMT 
located on top of the Dewar lid is shown in Figure 2. An 
energy spectrum of x-rays decreases monotonically as 
photon energies increase, and goes to zero at the energy of 
the electrons generating the x-rays. That is, measuring the 
x-ray spectrum and locating the endpoint energy 
determinations the maximum electron kinetic energy. This 
energy can be compared to that which is predicted. 

1000 

D) 
u n 

100 

1000 2000 

Biergy (keV) 

3000 

Figure 2: A typical x-ray energy spectrum from a p=0.47 
single cell cavity measured on top of the Dewar lid [2]. 
The peak electric field level in the cavity was 21.88MV/m 
and the maximum electron kinetic energy 1200keV. 

The regions of x-ray emission (intensity and energy 
spectrum) for the 6-cell Pg=0.47 cavity will be located 
from outside the cryomodule [4]. Compton scattering will 
be the predominant x-ray interaction for the range of 
energies expected and cryomodule materials. When an x- 
ray is Compton scattered only a fraction of its energy is 
imparted to an electron. The x-ray travels on in the 
material at a lower energy and on a different trajectory. 
The electron travels a short distance losing energy in 
ionizing  and radiative  collisions.  Therefore  Compton 
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scattering increases the intensity of x-rays in low energy 
channels at a higher rate than the reduction in higher 
energy channels. Thus binning of the data is necessary to 
distinguish an actual x-ray source from Compton scattered 
x-rays. The detector assembly will be placed in a lead 
housing to essentially eliminate many of the low energy 
scattered x-rays. A lead filter in front of the detector will 
allow x-rays above a certain energy to pass and attenuate 
those below that energy. 

Energy spectra from the p=0.47 single cell cavity were 
measured through a 0.8m concrete wall. The shielded 
Bicron 76mmx76mm integral Nal crystal and PMT was 
slit collimated. The slit was moved horizontally, 
perpendicular to the slit orientation. When the x-ray 
source was out or range of the slit resolution the intensity 
of x-rays in the low energy bins increased at a higher rate 
than the reduction of intensity in higher energy bins due 
to Compton scattering (see Fig. 3). 

Lower Energy Bins 

Higher Energy Bins 

-20 -10 0 10 20 30 40 

Relative PosUion From Center of Vertical Cavity 

Figure 3: Binned and normalized x-ray energy spectrum 
from a P=0.47 single cell cavity measured through 0.8m 
of concrete [2]. The peak electric field level in the cavity 
varied between 38.22-38.48MV/m. 

Image Reconstruction 

The initial horizontal scan of the ciyomodule, with a 
slit-collimated detector, will determine the plane where 
the x-ray source(s) reside. Tomography reconstruction 
expresses the x-ray emission as a set of pixels covering 
some mesh. Each pixel then corresponds to a function that 
is dependent upon position and AI, where I is x-ray 
emission intensity in an energy bin (see Fig. 4). 

Figure 4: (a) Angular view in one position showing two x- 
ray sources, (b) An additional view will provide three 
dimensional information and resolve multiple sources. 

Field Emission Simulation 
Multipacting/field emission simulation software [3] is 

used to trace the source of electrons, producing the 
Bremsstrahlung x-rays, to their point of origin. The 

software not only predicts the trajectories of field-emitted 
electrons, but their impact locations, impact energies and 
the resulting power deposition along the inner surface of 
the cavity as well (see Fig. 5). 

Figure 5: Field emission simulation. The electron 
emission site is near the iris in the third cell. Primary 
clusters of electron impact, or primary x-ray emission 
sources, are seen in the third and fifth cells [3]. 

FUTURE PLANS/STATUS 
When successful, x-ray tomography will make it easier 

to identify defects and greatly facilitate superconducting 
radio frequency research and development. The alignment 
rails and the detector angle positioner are projected for 
assembly in September 2003. Calibration measurements 
and data acquisition tests with known sources will follow 
around November 2003. Test of the 6-cell cavities in the 
cryomodule is planned for 2004 [4,5]. X-ray tomography 
will be demonstrated at that time. 
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MECHANICAL PROPERTIES, MICROSTRUCTURE, AND TEXTURE OF 
ELECTRON BEAM BUTT WELDS IN HIGH PURITY NIOBIUM 

H. Jiang*, T.R. Bieler*, C. Compton, T.L. Grimm 

♦Chemical Engineering and Materials Science, National Superconducting Cyclotron Laboratory 
Michigan State University, East Lansing, MI 48824, USA 

Abstract 
The effects of Electron Beam Welding on solidification 

microstructure, texture, microhardness and mechanical 
properties were investigated in high purity Niobium weld 
specimens. The welds have an equiaxed microstructure 
with a 1 mm grain size in the fusion zone, 100 [Jm in the 
heat affected zone (HAZ) and 50 |Jm in the parent metal. 
The fusion zone had slightly higher microhardness values 
despite having a large grain size, while the unaffected 
material had the lowest microhardness. The texture in the 
weld consisted of a strong {111} fiber texture in the 
center and a mix of {111} - {100} components on the 
surface. Tensile tests of specimens gave Oy = 60 MPa, but 
the UTS and elongation for weld specimens were lower 
than the parent material (137 vs. 165 MPa, 32% vs. 58%). 
The properties and microstructure of the weld are 
discussed in terms of optimizing the SRF cavity. 

INTRODUCTION 
Superconducting radio frequency (SRF) cavities made 

from high purity niobium are often fabricated using deep 
drawing metal forming processes to make parts that are 
subsequently welded together [1,2]. Electron beam 
welding (EBW) is used to obtain high quality welds that 
maintain the high purity required for superconductivity. 
Studies of EBW on pure metals have shovra that 
properties of the weld material are comparable to the 
parent metal [3,4] although ductility was reduced and the 
grain size increased in Mg [3], and caused intergranular 
failure due to N segregation to boundaries in Mo [4]. 
However, little is knovra about how the electron beam 
weld affects the microstructure and properties that are 
important to high purity Nb SRF cavities. 

Also, there is httle published information on formability 
of pure niobium, but information on interstitial free (IF) 
or extra-low carbon steels [e.g. 5] may be transferable to 
pure niobium. Optimal processing for deep drawability in 
steels without developing undesirable surface roughness 
called "orange peel" involves rolling and recrystallization 
schedules that develop a very strong y fiber texture, i.e. 
{111} II sheet normal direction. This texture and a fine 
grain size minimizes the "orange peel" surface roughness 
which can be a source of flow instability that degrades 
formability [6]. Thus, this study is an initial investigation 
of interrelationships between welding and formability 
relevant to high purity niobium used for SRF cavities. 

EXPERIMENTAL PROCEDURES 
The niobium specimens used in this investigation were 

extracted by electro discharge machining (EDM) from 2 
mm thick high purity niobium (RRR=150) sheet from 

Tokyo Denkai LTD. Two plates were butt welded 
together shown in Figure 1 using an electron beam weld 
procedure (1.7x10"' torr, 50 kV, 46 mA, 5 mm/s, 1mm 
diameter, 1.5 mm circular oscillation). For one sheet, 
normal cleaning procedures were used [2] (ultra-sonically 
degreased -20-30 min + cleaned in 60°C ultra-pure water 
-45 minutes, dried in clean room, bagged with N2; etched 
in BCP 5-7 min, rinsed in ultra-pure water just before 
welding), and in the less clean specimen, the final 
chemical etch was not done. Three 20 mm long samples 
were cut along the line indicated in Figure 1, and polished 
using standard techniques. Optical microscopy using a 
Nikon Epiphot 200 inverted microscope provided digital 
images from which the average grain size of the samples 
was determined using the linear intercept method and a 
known scale. Microhardness measurements were made 
using a LECO M-400-G1 hardness tester machine. 

31 mm 
gage 

length, 
6 mm 
width 

198 mm 

Figure 1: Welded plate and tensile specimens 

Samples for texture measurements were prepared from 
as-received material to measure texture on the surface and 
near the midplane using a Scintag XDS 2000 
diffractometer and popLA software for post processing 
the data [7]. The spatial distribution of texture through 
the thickness of weld samples was investigated with a hkl 
Technologies electron backscattered diffraction pattern 
mapping system in a Camscan 44FE microscope, using a 
25-kV beam and a specimen current of about 2.3 nA. The 
data were further analyzed using TexSEM Laboratories 
Orientation Imaging Microscopy (OIM) Analysis 
software version 3.0. Maps of crystal orientations 
covered the fiill 2 mm thickness of the specimen at 
several locations in the heat affected zone and imaffected 
parent material. Due to the large grain size in the weld 
region, 25 mm long line scans were made along sections 
parallel to the weld direction near the surface and in the 
center of the sheet to measure a statistically significant 
number of grain orientations. 

Tensile tests were conducted according to guidelines in 
ASTM E8 standard test methods.    The weld material 

* bieler(a!egr.msu.edu. supported by the Michigan State University 
National Superconducting Cyclotron Laboratory 
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tensile specimens were machined so the tensile axis was 
transverse to the weld direction, and the weld was parallel 
to the rolling direction (RD). The EB weld region is 
about 5.6 mm wide, -20% of the specimen's 31 mm gage 
length. Specimens of the parent material were also 
deformed in the same conditions to compare with the 
weld specimens. The tensile tests were performed on a 
series 4200 Instron testing machine, model number 43K2. 
Deformation of weld specimens was periodically stopped 
to measure the actual thickness and width at several 
locations along the gage length. 

RESULTS 
Figure 2 shows the fusion zone of the weld. The 

lighting used illustrates soUdification ridges and a large 
grain size in the weld. From optical micrographs, the 
grain size decreased with the increasing distance from the 
weld as shown in Figure 3. 

Figure 2: The 5.6 mm 
wide EB weld shows 
grain boundaries on the 
left side and solidifica- 
tion ridges on the right. 
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Figiu-e 3: Grain size and Vickers Microhardness 

Microhardness 
The weld fusion zone has the highest microhardness 

value of-57 Hy, and it decreased with increasing distance 
from the weld (Figure 3). The higher individual hardness 
values were correlated with indents on or near grain 
boundaries and the lower values were in the middle of a 
grain. Both samples show the same hardness in the weld 
fiision zone, but they have different rates of decreasing 
hardness with distance away from the weld. 

Tensile Tests 
The tensile properties of the as-received Niobium are 

comparable with prior work [2,8] and butt-weld 
specimens are illustrated with two specimens in Figure 4. 
The yield strength of as-received specimens was slightly 
higher than the butt-weld specimens, but the UTS of as- 
received specimens was -30 MPa higher than butt-weld 
specimens, and the elongation was -25% higher: The 
normal cleaning process caused a slight improvement in 
UTS and elongation of the weld specimens, but it may not 
be statistically significant. 

The tensile tests were periodically stopped to measure 
the current width and thickness of the specimen in the 

weld and HAZ regions. Deformation in these samples 
was predominantly in the width direction, and the 
thickness strain was nearly unchanged with strain after a 
small initial reduction, but it thinned during the final 
necking process prior to fracture. All of the weld 
specimens failed between the center and edge of the 
fusion zone, with orange-peel in the HAZ and very 
heterogeneous deformation shown in Figure 5. The 
analytically determined true stress-strain curve for the as- 
received parent material, and at three positions in the weld 
specimen (based upon the known loads and measured area 
changes) and the engineering stress-strain curves are 
plotted in Figure 4. The flow behavior in the weld fusion 
zone and the HAZ 10 mm from the center show the same 
yield stress values, but the fiision zone showed a lower 
strain hardening behavior, such that it became weaker 

0.2 0.3 0.4 

Engineering & True strain 

than the as-received material at a true strain of about 0.07. 

Figure 4: Stress-Strain of weld and parent material 

Figure 5: Fracture of weld specimen 

Texture Analysis 
The parent material texture in Figure 6 is shown as 

recalculated pole figures from the sample orientation 
distribution obtained using procedures given in [7]. The 
sheet center has a strong {111}<110> texture, but the near 
surface layer has a much weaker {111 }<110> texture. 

Center     —       —    -   - "^ ' 

Figure 6: X-ray pole figure of parent material texture 
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Using OIM, microstructure and texture information 
were obtained simultaneously, as shown in the parent 
material scan in Figure 7. The orientations at the center 
show primarily <111> crystal directions aligned with the 
sheet normal direction, but the surface region has a 
variety of orientations, including <100> || sheet normal. 
The pole figures obtained from OIM are consistent with 
the x-ray data, as shown in Table 1. Pole figures from the 
HAZ and the weld also show similar trends, indicating 
that solidification in the weld followed the texture in the 
parent material. 

500.0 Mm = 50 steps     Black = <100>//NO, White = <111>//ND-* >■ 

Figure 7:   OIM scan of parent material; the full 2 mm 
sheet thickness is horizontal (sheet normal direction) 

Table I: Maximum {111} Pole Figure Texture, x random, 
from OIM; surface / through thickness / center 

Weld 
center 
10/-/14 

5mm HAZ 

13.9/13/18.2 

13 mm HAZ 

6.2/8.3/14.1 

Parent 

5.4/8.0/12.2 

DISCUSSION 
The mechanical properties of the weld and HAZ are 

different from the parent material (Figure 4), due to 
differences in microstructure and impurity atom content. 
A slight increase in impurities in the weld is likely due to 
adsorbed water and oxygen on the surface. In the fusion 
zone, impurities would be well mixed since diffusion is 
rapid in the liquid phase. In the HAZ 5 mm from the 
center, where the grain size is large, there was probably 
about 10 seconds near the melting temperature, allowing 
for about 0.2 mm characteristic diffusion distance (x = 
VOt; D = 0.586exp(-13188/T) mm^/s, t=10s, 2741K [9]), 
so there was less mixing of oxygen in the HAZ than the 
fusion region, and even less diffusion into the material 10 
mm from the center. Table II shows how the combination 
of impurity atom concentration and grain size based upon 
the Hall-Petch equation for the yield stress, ay=ao+kd""^ 
(k is a material constant and d is the grain size) may 
account for the observed flow in the weld specimen. 

Texture measurements show that as-received niobium 
has very strong {111} texture in the center of samples, 
and some near-{100} texture near the surface of samples, 
similar to recrystallized IF steels [5]. The fact that the 
texture in the weld is similar to the texture in the parent 
material implies that resolidification occurred epitaxially 
with the existing grains in the solid adjacent to the melt 
pool. The large equiaxed grains in the weld and 
immediately adjacent HAZ imply that grain growth took 
place while the weld was cooling. The increasing 
intensity of the {111} texture as one gets closer to the 
weld is due to the increasing grain size. 

The strong {111} texture is desirable for good 
formability because it provides a high "R" value for sheet 
metal forming and deep drawing [5]. This texture resists 
thinning, as indicated in the lack of thinning in the weld. 
This retention of the {111} texture in the weld is 
beneficial since even though a weld may be weaker than 
the parent material; its resistance to thinning will prevent 
unstable deformation in a welded structure. 

The concerns important for applications to SRF cavities 
are the large grain size, the mixed surface texture 
components, and absorption of impurities. Impurities are 
known to disrupt the superconducting behavior, and the 
large grain size causes much greater orange peel effects if 
subsequent plastic deformation is required. The large 
grain size leads to surface roughness if any plastic 
deformation is imposed, due to the orange peel effect [6]. 
The different grain directions normal to the surface cause 
differential etching rates that lead to ledges at grain 
boundaries that can disrupt the superconducting state due 
to local aberrations in the magnetic field. Furthermore, 
the work fiinction is a strong function of crystal 
orientation, so that electron emission will occur most on 
{100} oriented grains, and least on {110} grains [10]. 
Impurities can locally poison the superconducting state, 
leading to localized heating and electric field anomalies. 
All of these issues will assist quenching of the electric 
field due to emission or field disturbances. Thus, 
obtaining a material with surface texture that has no 
{100} fiber texture would be a desirable outcome for 
optimized high purity niobium for SRF cavities. 

Table II: Impurity and Grain Size (GS) Effects 

Location Comments; n = dlnCTj/dlneT (hardening rate), 
Cy = yield stress, MPa, a = flow stress 

Parent n=0.4, CTy=60; Smallest GS => high n, lowest 
impurities => low a 

10 mm 
HAZ 

n=0.4, (Ty=61; Smaller GS => high n like 
parent; some impurities => higher Oy and a 

5 mm 
HAZ 

n=0.4, ay=58; Larger GS => reduces Oy, but 
higher impurities => higher Oy 

Fusion 
zone 

n=0.3, CTy=59; Largest GS => lowest n, a, Oy, 
but highest impurities => higher CTy 
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STATUS REPORT ON MULTI-CELL SUPERCONDUCTING CAVITY 
DEVELOPMENT FOR MEDIUM-VELOCITY BEAMS' 

W. Hartung, C. C. Compton, T. L. Grimm, R. C. York 
National Superconducting Cyclotron Lab, Michigan State University, East Lansing, Michigan, USA 

G. Ciovati, P. Kneisel 
Thomas Jefferson National Accelerator Facility, Newport News, Virginia, USA 

INTRODUCTION 
The Rare Isotope Accelerator (RIA) is being designed 

to supply an intense beam of exotic isotopes for nuclear 
physics research [1]. Superconducting cavities are to be 
used to accelerate the CW beam of heavy ions to 400 MeV 
per nucleon, with a beam power of up to 400 kW. Because 
of the varying beam velocity, several types of supercon- 
ducting structures are needed [2]. 

Since the RIA driver linac will accelerate heavy ions 
over the same velocity range as the Spallation Neutron 
Source (SNS) proton linac, the 6-cell axisymmetric 805 
MHz cavities and cryostats of SNS can be used for part of 
the RIA linac. Prototypes for both SNS cavities (J3g = 0.61 
and Pg = 0.81) have been tested [3]. (Herein, /3 is the par- 
ticle velocity divided by c and Pg is the geometric /3.) 

The SNS cavity design is being extended to lower veloc- 
ity (Ps = 0-47) for RIA [4, 5]. Other single-cell cavities 
for P = 0.47 to 0.5 have also been prototyped at various 
laboratories [6, 7, 8]; in all cases, gradients and g's have 
exceeded the design goals. A 5-cell j3 = 0.5 cavity has also 
been prototyped at JAERI [9]. 

This paper covers the fabrication of three prototype RIA 
6-cell Pg = 0.47 cavities and the RF tests on the first and 
second of these cavities. 

CAVITY DESIGN 
The SNS Pg = 0.81 and pg = 0.61 cavities are the basis 

for the RIA Pg = 0.47 cell shape [4, 5]. The beam tube is 
enlarged on one side of the SNS cavities in order to pro- 
vide stronger input coupling. Less coupling is needed for 
RIA, so no enlargement of the beam tube is needed for the 
Pg = 0.47 cavity [10]. This simplifies the cavity fabrication 
and yields a slight improvement in the RF parameters. Se- 
lected cavity parameters are given in Table 1. In Table 1, Ep 
and Bp are the peak surface electric and magnetic field, re- 
spectively, and Eg is the accelerating gradient (transit time 
included) for a particle travelling at the design velocity. 

An analysis was done of the excitation of higher-order 
modes (HOMs) in the cavity by the beam and coupling of 
the HOMs to the input coupler and pick-up antenna. This 
analysis indicates that HOM couplers are not required for 
operation of the Pg = 0.47 cavity in RIA, allowing for fur- 
ther simplification of the system [10]. 

Table 1. Parameters of the symmetric 6-cell j^ = 0.47 cav- 
ity; Rs is the shunt impedance (linac definition). RF quan- 
tities were calculated with SUPERFISH [11]. 

Mode TMninTT 
Resonant frequency / 805 MHz 
Cell-to-cell coupling 1.5% 
Ep/E„ 3.34 
cBp/E„ 1.98 
Rs/Q 173 Q 
Geometry factor 155 Q 
Active length 527 mm 
Inner diameter at iris (aperture) 77.2 mm 
Inner diameter at equator 329 mm 

•Work supportedby the U.S. Department of Energy under GrantDE-FG02- 
00ER41144. 

SINGLE-CELL CAVITY PROTOTYPING 
Two single-cell prototypes of the Pg = 0.47 cavity were 

fabricated and tested. The highest gradient reached in the 
first round of tests [4] was about 15 MV/m. The Q values 
at 15 MV/m were about 10'"; the low-field Q values were 
between 2 • 10^" and 4 • 10'°. These measurements were 
done at 2 K in a vertical cryostat at Jefferson Lab. 

Additional tests were done on the second of the two 
single-cell cavities while commissioning the facilities at 
NSCL for etching, high-pressure rinsing, clean assembly, 
RF testing, and helium processing of superconducting cav- 
ities. The highest gradient reached in these tests was about 
18 MV/m, albeit with a slightly lower Q; however, the Q 
still exceeded 10'° at the design gradient of 8 MV/m [12]. 

MULTI-CELL CAVITY PROTOTYPING 

Cavity Fabrication and Preparation 
Sheet Nb 4 mm in thickness with a nominal Residual 

Resistivity Ratio (RRR) of 250 was used for the 6-cell cav- 
ities. The forming and joining of half-cells were done by 
the standard deep drawing and electron beam welding tech- 
niques used for SNS cavity fabrication. As with the SNS 
cavities, Nb-Ti flanges and Al alloy gaskets were used for 
the vacuum seal on the beam tubes. 

The first 6-cell cavity (Figures la and lb) was a simpli- 
fied version without stiffening rings, dishes for attachment 
of the helium vessel, or side ports for the RF couplers; these 
features were included in the second and third cavities (Fig- 
ures Ic and Id). 

The first cavity was etched with a Buffered Chemical 
Polishing solution to remove about 100 fim from the in- 
side surface. The cavity was then fired in a vacuum furnace 
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Figure 1. (a) Drawing of the first six-cell /3g = 0.47 Nb 
cavity and (b) photograph of the cavity on the RF test stand, 
(c) Drawing and (d) photograph of the second cavity. 

for 10 hours at 600°C to inoculate it against the "Q dis- 
ease." The pressure in the furnace was < 10^"'^ torr during 
the heat treatment. Field flatness tuning was done next (see 
below). The final preparation steps were etching of an ad- 
ditional 60 urn from the inner surface and high-pressure 
rinsing with ultra-pure water in a clean room to remove 
particulates from the inside surface of the cavity. 

The second cavity was etched to remove 150 nm and 
rinsed with the high-pressure water; it was not fired. 

Tuning 
Field flatness tuning was done on the first two niobium 

6-cells; ancillary tuning was also done on a 5-cell copper 
model. The goal was a field unflatness parameter (AE/E) 
of 10% or less. The first cavity and the copper model were 
tuned with a tuning jig designed for the SNS cavities. After 
tuning, AE/E was 7% for the Cu cavity and 12% for the 

Nb cavity. The second Nb cavity was tuned with a new 
custom-built jig for the pg = 0.47 cavity. This made the 
tuning easier; a AE/E of 5% was reached in one iteration 
(see Figure 2). 

First RF Test on the First Cavity 
A vertical RF test was done on the first 6-cell cavity in 

September 2002. The cryostat was cooled down rapidly 
to 4.2 K and then pumped to 2 K. As shown in Figure 3 
(squares), the low-field Q was about 2 • 10^° and the Q re- 
mained above 10^° up to £■« = 11 MV/m approximately. 
A gradient of about 16 MV/m was reached. The test was 
stopped at that field due to the failure of an RF cable. Some 
x-rays were observed at high field, indicating that the de- 
crease in the Q at high field was likely due to field emission. 
Modest RF conditioning was required in order to reach a 
gradient of 16 MV/m. A small leak into the cavity vacuum 
manifested itself when the cryostat was cooled down; the 
pressure in the cavity was about 10"^ torr at 2 K. 

FoUow-Up RF Tests on the First Cavity 
The failed RF cable was replaced, the leak in the cavity 

vacuum was fixed, and the cavity was retested 1 week after 
the first RF test (without exposure of the inside of the cavity 
to air). A gradient of about 7 MV/m was reached. It was 
thought that helium processing might be beneficial, but the 
test had to be stopped early due to scheduled maintenance 
of the cavity testing facility. 

The next opportunity for an RF test was in January 2003. 
In between tests, the cavity was etched again to remove 
another 50 /im from the inner surface and the high-pressure 
water rinsing was repeated. The final filter on the high- 
pressure rinsing system (between the pump and the nozzle) 
was temporarily unavailable at the time of this rinse. 

The results of the January 2003 test are shown in Fig- 
ure 3 (circles). The low-field Q was smaller than in the 
first test, although the difference is within the margin of re- 
producibility for the measurement. A gradient of about 11 
MV/m was reached. The decrease in Q between 9 and 11 
MV/m is likely due to field emission; the x-ray signals were 
larger than those seen in the first RF test. Thus the differ- 

10 15 
z [arbitrary units] 

20 

Figure 2. Bead pulls for the second six-cell niobium cavity. 
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Figure 3. Measured dependence of the quality factor on the 
accelerating gradient at 2 K for the first and second 6-cell 
cavities. 

ence between the September 2002 and January 2003 tests 
could be due to paniculate contamination during the high- 
pressure rinse without the final filter. Although the field 
level was not as high as in the first test, the design goal of 8 
MV/m was nevertheless reached with a g in excess of lO"*. 

In the January 2003 tests, measurements of g as a func- 
tion of gradient were done at several different temperatures. 
The low-field g at 1.8 K was higher (2 • 10'°) than at 2 K, 
which indicates that the BCS losses are still contributing 
to the surface resistance. However, the maximum gradient 
at 1.8 K was only slightly higher than at 2 K. A value of 
g = 2 • 10^° corresponds to a surface resistance of 8 n£l. 

RF Tests on the Second Cavity 
Vertical RF testing on the second cavity was done in 

May 2003. In the first RF test, a gradient of 8 MV/m was 
reached at 2 K. The g was a bit low (8 • 10^) and some 
g-switching was seen, indicating that more etching was 
needed. 

In preparation for a second RF test, another 150 /im was 
removed from the inner surface, and the high-pressure rinse 
was repeated. Results from the second RF test are shown in 
Figure 3 (triangles). A gradient of 13 MV/m was reached. 
The g was 10'° at the design gradient of 8 MV/m. The field 
was limited by the available RF power (the input coupling 
was weaker than planned). 

MICROPHONICS AND MULTIPACTING 
Microphonics are more serious for RIA than for SNS due 

to the lower RIA beam current. The lateral brace and stiff- 
ening rings of the SNS Pg = 0.61 cavity will be used on 
the Pg = 0.47 cavity to reduce microphonic excitation. The 
RIA cavities will be over-coupled in order to ensure that 
the gradient can be maintained in the presence of micro- 
phonics [10]. Some microphonic measurements were done 
on a single-cell cavity [12]. Modelling of the vibrations in 
multi-cell cavities is in progress. The predictions will be 
compared with measurements on the 6-cell cavity. 

The RF tests on single-cell cavities showed that there 

are no hard multipacting barriers. A soft barrier was seen 
occasionally at very low field. Multipacting simulations [5, 
13] also indicate that there should be no hard barriers in the 
single-cell cavities. Likewise, no multipacting problems 
were encountered in the tests on the two 6-cell cavities. 

CONCLUSION 
RF tests have been done on two single-cell j3g = 0.47 

cavity prototypes and two 6-cell cavities with encouraging 
results: all of the cavities exceeded the desired accelerating 
gradient, with a g > lO'" at the design gradient of 8 MV/m. 
The first 6-cell and both single-cell cavities exceeded the 
design gradient by a factor of 2; the second 6-cell reached 
13 MV/m. Two niobium multi-cells and one copper multi- 
cell have been tuned for field flatness. The next step will be 
a horizontal test of 2 fully-equipped J3g = 0.47 cavities in a 
prototype cryomodule [14]. 
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SIMULATION OF QUENCH DYNAMICS IN SRF CAVITIES 
UNDER PULSED OPERATION* 

Sang-ho Kim, SNS/ORNL, Oak Ridge, TN 37830, USA 

Abstract 
As has been well verified both theoretically and 

experimentally in steady state, the thermal stability of 
SRP (superconducting radio-frequency) cavities strongly 
depends on the material properties of niobium such as 
RRR (residual resistivity ratio) and the presence of 
material defects on the surface. Recently, SRF technology 
has been chosen for pulsed machines such as the Tesla 
Test Facility (TTF), the Spallation Neutron Source (SNS), 
and the European Spallation Source (ESS). In order to 
guide the selection of operational limits and materials, an 
understanding of dynamics of quenching in pulsed 
operation is important. For this purpose, a universal 
thermal stability analysis algorithm is set up. With the 
help of 3D FEM codes, a series of transient, non-linear 
and self-correlated analyses are carried out. This scheme 
may be used for any stability analysis in SRF cavities 
with arbitrary conditions such as 3D structure, varying 
material properties, transient behavior, non-linear material 
properties, etc. 

INTRODUCTION 
Thermal breakdown in SRF cavities is one of the major 

factors that limit the maximum achievable accelerating 
field and accordingly the operating point. Considerable 
effort has been made to better understand this topic both 
theoretically and experimentally. The effects of related 
parameters on the thermal stability have been 
systematically quantified [l]-[6]. 

As the interests for SRF technology in pulsed machines 
increase, there is need to have more understanding of the 
dynamics of thermal stability in connection with all the 
parameters, which include 3D structure, varying material 
properties, non-linearity of material properties, transient 
behaviors, reahstic thermal loads along with the rf surface 
dissipations, etc. 

In this paper the simulation algorithm of dynamic 
thermal stability, taking into account general relations 
among the parameters, and some examples by taking the 
realistic situation are briefly shown. 

PHYSICAL PARAMETERS AND THEIR 
RELATIONS TO THERMAL STABILITY 
The general relations of parameters that determine the 

thermal stability in SRF cavities are shown in Fig.l. As 
can be seen, many parameters are correlated and some 
parameters such as RRR (residual resistivity ratio), 
Kapitza resistance, etc, should have experimental 
verification. As an example, the power dissipation per unit 
area   due   to   the   surface   rf   current   is   expressed 

2   ^ 

where, Rs is the surface resistance in Ohm, and H is the 
magnetic field strength on surface in A/m. The surface 
resistance is, however, a strong function of temperature as 
seen in Fig.2 and the temperature is actually the final 
determining factor of the thermal stability, results from all 
relations of parameters such as RRR. RRR is one of the 
most importance material properties for the thermal 
stability. The thermal conductivity k versus temperature 
data for various RRR's in Fig.3 are taken from [1], [3], 
and [4], in which the RRR values from RRRl through 
RRR8 are 40, 270, 525, 90, 250, 400, 140, and 840 
respectively. The k is known to have an approximate 
relation with RRR, which is Ar=RRR/4 at 4.2 K. But it is 
difficult to apply the same rule to it's of the higher 
temperature that are actually more important for the 
thermal stability. The k dependence on RRR should be 
carefully checked experimentally. 
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Figure 1: Parameter relations for the thermal stability, (f: 
function of; V: location; T-Q-. defect radius; DT: defect type; 
e: emissivity; Tother: temperatures of other structure; RRR: 
residual resisvity ratio; Q,: thermal flux; f: frequency; k: 
thermal conductivity; Sc„„d: surface condition; T: niobium 
temperature which is also a function of location) 

* SNS is managed by UT-Battelle, LLC, under contract DE-AC05- 
00OR22725 for the U.S. Department of Energy. 

Temperature (K) 

Figure 2: Surface resistance of Nb at 805 MHz. 10 x£l of 
residual resistance is assumed. 
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Temperature (K) 

Figure 3: Thermal conductivities for various RRR's 

Kapitza resistance is a function of many factors, one of 
which is the specific surface condition followed by 
different surface treatments [6]. The simulations shown in 
the following used the Kapitza resistance as expressed in 
[7]. The specific heat is a sort of pure thermodynamic 
property, which is taken from [8]. 

QUENCH DYNAMICS: EXAMPLES 
By taking into account all the relations explained in 

Fig.l and with the help of a 3D FEM code (ANSYS) 
incorporated with script programs correspond to blocks 
and arrows in Fig.l, a series of algorithms for 3D, 
transient, non-linear, self-correlated and coupled field 
problem has been set up. For benchmarking, comparisons 
have been done with steady state results [1] and show 
good agreement. 

A series of systematic simulations have been carried out 
in terms of Nb thickness, k, magnetic field strength, etc, 
which gives proper guidance not only for the material 
selection and the thermal design, but also for operation 
regimes. The details of these analyses are planned to be 
reported in a separate paper. 

One example introduced in this paper contains an 
explanation regarding quenching dynamics. The typical 
temperature evolutions in the thermally stable system are 
shown in Fig.4. The test sample used here is 2 mm thick 
niobium 

;h- 
■-' 5- 
e 
|. 
e a. 
i 3 

time (sec) 

having RRR2 as in Fig.4 on which a 70 mT field was 
applied and a material defect corresponding to 0.05 W 
was introduced. Fig. 5 and 6 show the temperature, 
evolutions and the corresponding snapshots when a 
system is thermally unstable. In this example, a material 
defect of 0.1 W is used under the same conditions. 
Though the time scale of quenching development depends 
especially on the field and k, quenching develops with the 
following sequences. 
Phase I; Surroundings are still keeping SC state. Hot 
region is very small. Thermal conduction is weak. The 
main heat dissipation areas are only the places very near 
the material defect. 
Phase II; Only small adjacent regions near the material 
defect becomes normal state. Hot spot size is still small, 
so the thermal conduction (diffusion) is very weak, which 
results in the steep temperature increment. 
Phase III; Surroundings become hotter but still keep SC 
state except the hot spot at the material defect and small 
adjacent region. Main quench propagation does not start 
yet. Thermal conduction is better than region II, that's 
why there's some decrement in the hot spot temperature. 
The duration of this meta-stable phase is a function of k, 
defect size, magnetic field strength, etc. A certain 
combination of parameters could sustain this phase during 
a long pulse or CW. 
Phase IV; Normal regions are expanding. Growth rate of 
surface dissipation is much larger than that of thermal 
diffusion to the bulk Nb and eventually to helium. 
Quenching propagates. 

30' II III IV 

25 
J^.^'^'HOI Spot 

1  20 /^ 
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'     10 

^^ 
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0 —1 
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Figure 5: Typical example of the temperature evolution 
when a SRF cavity system is not thermally stable 
(thickness; 2mm, 70 mT, RRR2 in Fig. 3, O.IW material 
defect). 

Figure 4: Typical example of the temperature evolution 
when a SRF cavity system is thermally stable (stabilized). 

2.1 
4.126 
7..151 
9.977 
12.503 
15.229 
17.854 
20. IB 
23.106 
25.732 

Figure 6: Snapshots of each phase in Fig.5. 
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The following example is for a cavity end group at the 
side of coaxial fundamental power coupler where low 
RRR materials are used and no active cooling exists. The 
schematics and the surface magnetic field strength along 
the inner surface of an SNS medium beta cavity are 
shown in Fig.7. This example contains several special 
features such as thermal radiation from the inner 
conductor of the power coupler, varying material 
properties of niobium, different boundary conditions, full 
3D structure, and pulsed operation. Fig.8 is an example 
where a defect equivalent to 0.1 W is introduced 5 mm 
from the cell end in order to have clear pictures at the 
nominal operating condition of SNS. Since the magnetic 
field strength is small, the quenching propagation is quite 
slow as can be seen in Fig.8. It is noticeable that the 
operation for certain duration could be done even after 
main quenching, but a full recovery is not accomplished 
during the gap between pulses in this example. The 
material selections and preparations, surface conditions of 
niobium and inner conductor, operation conditions such as 
pulse length, repetition rate, rf power through coupler, etc 
was found through a series of systematic analyses using 
this simulation method. 

Inner conductor 
(copper >300 K) 

5 K GHe ii 

Figure 7: Surface magnetic field along the end group and 
end cell of the SNS medium beta cavity. 

SUMMARY 
• General algorithms for thermal stability analysis have 

been set up. 
• Benchmarking showed good agreement with the steady 

state calculation. A series of systematic analysis has 
been done, which guide the operational limits and 
material selection, (to be reported in a separate paper) 

• Dynamics of the thermal stability are explained. 
• Application of the simulation algorithm to the end- 

group of the SRF cavity is introduced. 
• This scheme may be used for any stability analysis in 

SRF cavities with arbitrary conditions such as 3D 
structure, varying material properties, transient 
behavior, non-linear material properties, etc. 

Figure 8: Hot spot temperature evolution through time in 
1.5 ms, 60 Hz pulsed operation. A material defect 
equivalent to 0.1 W is introduced at the distance of 5 mm 
from the end cell. 
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THE NUMERICAL ANALYSIS OF HIGHER-ORDER MODES FOR 
SUPERCONDUCTING RF CAVITY AT SRRC 

P. J. Chou', SRRC, Hsinchu, Taiwan 

Abstract 
The beam current in the storage ring at Taiwan Light 

Source (TLS) is limited by the longitudinal coupled- 
bimch instabilities [1] and the available rf power. Two 
Doris cavities are currently used for particle acceleration 
in the storage ring at TLS. The higher-order modes 
(HOMs) from Doris cavities are the major source of 
longitudinal impedance in the storage ring at TLS. In 
order to increase the electron beam current in the storage 
ring, a superconducting (SC) rf cavity developed by 
Cornell University will be installed to replace those two 
Doris cavities. The property of HOMs of SC rf cavity is 
obtained firom numerical simulations by using a three- 
dimensional parallel code GdfidL [2]. The preliminary 
results show that the storage ring at TLS will riot suffer 
from the longitudinal coupled-bunch instabilities for a 
beam current not exceeding 450 mA. 

INTRODUCTION 
The TLS is a third-generation synchrotron radiation 

facility serving broad scientific community in Taiwan. 
The storage ring at TLS has encountered longitudinal 
coupled-bunch instabilities since the commissioning in 
1994. The maximum beam current is limited to 200 mA 
in daily operation. The dominant source of longitudinal 
coupled-bunch instabilities is contributed by the HOMs of 
two Doris cavities in the storage ring. At present the 
technique of rf voltage modulation and detuning of cavity 
HOMs are applied to stabilize the beam in the storage 
ring [1]. To raise the flux of photon beams, the maximum 
beam current has to be increased and HOMs to be 
damped. 

The SC rf cavity developed at Cornell University is 
chosen for the upgrade of storage ring at TLS [3]. The SC 
rf cavity of CESR-III type has the same operating 
frequency as the Doris cavities currently in use at TLS. 
The fabrication of two SC rf cavities is contracted to 
ACCEL Instruments GmbH in Germany. The cryogenic 
system is contracted to Air Liquide in France. The high- 
power tests of SC rf cavities are conducted at Cornell 
University. One SC rf cavity will be installed to replace 
those two Doris cavities in the storage ring at TLS in 
2003. 

A three-dimensional model of SC rf cavity is built 
based on the mechanical drawings obtained from Cornell 
University and modifications required for operating the 
SC rf module at TLS. The design of taper has been 
modified to fit into the vacuum chamber of storage ring at 
TLS. The SC rf cavity will be cooled in a liquid helium 
bath of 4.5°K. The layout of SC rf module used in the 

numerical simulations is showTi in Fig. 1. The relevant 
accelerator parameters used in the analysis of longitudinal 
coupled-bunch instabilities are listed in Table 1. The 
numerical simulations for SC rf module are performed 
with a 3D electromagnetic code GdfidL on a Linux PC 
cluster at TLS. 

Table 1: Accelerator parameters used in the analysis of 
longitudinal coupled-bunch instabilities for TLS storage 
ring operating with a SC rf cavity of CESR-III type. 

Accelerator Parameters CESR-III type 
SCrf cavity 

beam energy [GeV] 1.5 

rf frequency [MHz] 499.666 

harmonic number 200 

revolution period [ns] 400 

rms bunch length [mm] 6.5 

momentum compaction factor a;. 0.00678 

synchrotron frequency 
(rf voltage at 1.6 MV) [kHz] 

37.8 

radiation damping time [ms] 
longitudinal: 
horizontal: 
vertical: 

5.668 
6.959 
9.372 

*pjchou@srrc.gov.tw 

Figure 1: Layout of SC rf module used in the numerical 
simulations for the HOM studies at TLS. The taper design 
has been modified in order to fit into the vacuum chamber 
of storage ring at TLS. 
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Because the cross section of beam pipe is smaller than 
the CESR beam pipe, there are still few resonant modes 
above 4 GHz in the simulated impedance spectrum of SC 
rf module at TLS. Those resonant modes have a loaded 
quality factor on the order of a thousand. For the worst 
estimate, we assume the storage ring to be evenly filled 
with 200 bunches. The growth time of longitudinal 
coupled-bunch instabilities will equal to the radiation 
damping time at a beam current of 450 mA. Since the 
storage ring is operated with a gap of 40 bunches in 
routinely operation, the threshold current of longitudinal 
coupled-bunch instabilities is expected to be higher than 
450 mA. 

LONGITUDINAL HIGHER-ORDER 
MODES 

The impedance spectrum of SC rf module is obtained 
from the Fourier transform of wakepotentials computed in 
time domain. A Gaussian shaped beam is sent through the 
SC rf module as the source to excite wakefields in the 
structure. The maximum relevant frequency fmax of 
excited wakefields is [4] 

where c is the speed of light in vacuum, and a, is the rms 
bunch length of Gaussian beam. Since the computed 
wakepotential is excited by the frequency contents of 
source beam, the impedance spectrum is less reliable 
above the maximum relevant frequency/^joj;. The lowest 
cutoff frequency of longitudinal waveguide modes in the 
beam pipe of TLS storage ring is 4.712 GHz. The rms 
bunch length used in time-domain simulations should not 
be larger than 10 mm for TLS SC rf module. 

In the case of shorter bunches and longer structures the 
mesh size of numerical models should satisfy [4] 

(3) 

where L, is the structure length. The structure length of 
SC rf module as shown in Fig. I is 3.0165 m. In 
numerical simulations, straight elliptic beam pipes of 10 
cm were attached to both ends of tapers. The actual 
structure length used in numerical simulations for TLS SC 
rf module is 3.2165 m. The relation of maximum step 
size vs. rms bunch length used in simulations for reliable 
wakepotentials is shovra in Table 2. 

Table 2: The relation of maximum step size vs. rms bunch 
length used in simulations for reliable wakepotentials of 
SCrfmoduleatTLS. 

rms bunch length (mm) 

10 

maximum step size (mm) 

0.38 

0.58 

Impedance and Instability Growth Time 
The results of simulated wakepotentials depend 

strongly on the property of C48 ferrite. The C48 ferrite is 
less lossy at higher frequencies [5]. Therefore, the 
longitudinal HOMs are less damped by C48 ferrite at 
higher frequencies. For the worst estimate, the 
longitudinal wakepotential of SC rf module was 
calculated with the property of C48 ferrite set at 4750 
MHz. The corresponding impedance spectrum is shown 
in Fig. 2. The simulated impedance spectrum was fit with 
Lorentzian distributions. The fit results give the HOMs of 
SC rf module as shown in Table 3. Because of the 
limitation imposed by available computing resources at 
TLS, results in Fig. 2 and Table 2 are calculated with a 
mesh size of 2 mm and rms bunch length of 4 cm 
respectively. 

Table 3: The worst estimate of longitudinal HOMs of SC 
rf module. The growth time of longitudinal coupled- 
bunch instability is calculated for a completely filled 
storage ring at a beam current of 400 mA. 

frequency 

[MHz] 
loaded 
shunt 

impedance 

loaded 

Q-factor 

QL 

instability 
growth 

time [ms] 

instability 
mode 

number ft 

4127.2 875.9 1267 6.37 52 

4209.6 678.5 698 8.20 85 

4259.6 738.5 1327 7.46 105 

4574.4 481.7 1037 11.36 31 

cutoff frequency 

1000   2000   3000   4000 

Frequency [MHz] 
5000 

Figure 2: The real part of longitudinal impedance 
spectrum of SC rf module obtained from numerical 
simulations for TLS storage ring. The property of C48 
ferrite tiles is set at a frequency of 4750 MHz. 

Loss Factor and Power Dissipation 
The calculated loss factors K\\ for conducting materials 

operating at different temperatures are hsted in Table 4. 
The dependence of calculated loss factors on the mesh 
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size of numerical models is shown in Table 5. From those 
results shown in Table 4, we find that the calculation of 
loss factors is less sensitive to the operating temperature 
of conducting materials used in SC rf module. The loss 
factor is more sensitive to the property of C48 ferrite used 
to absorb those HOMs in SC rf module. 

Table 4: The calculated loss factors of SC rf module with 
Niobium and Copper operating at different temperatures. 
The mesh size and rms bunch length used in simulations 
are 0.5 mm and 10 mm respectively. 

Frequency of 
€48 ferrite 

[MHz] 

Jfl|{V/pC) 
Nb=293K, 
Cu=293K 

Jf||{V/pC) 
Nb=4.5K, 
Cu=293K 

Jf|l (V/pC) 
Nb=4.5K, 
Cu=60K 

975 0.993 N.A. N.A. 
1950 0.939 0.939 0.939 
4750 0.799 0.799 0.799 

Table 5: The calculated loss factors of SC rf module with 
Niobium and Copper operating at 293°K. The rms bunch 
length used in simulations is 10 mm. The property of C48 
ferrite is chosen at 975 MHz. 

mesh size (mm) K||(V/pC) 

0.5 0.993 

1 1.052 

The parasitic energy loss AE for a beam bunch passing 
through the SC rf module is 

AE-=g^K\\ (4) 

where q is the charge of beam bunch. We calculate the 
total loss factor of SC rf module by using the property of 
C48 ferrite at 975 MHz. The total loss factor is 1.854 
V/pC for an rms bunch length of 7 mm. Supposed that the 
storage ring is evenly filled with a beam current of 400 
mA for 160 bunches, the energy loss per bunch is 
1.854x10"* J. Using a bunching period of 2 ns, we get an 
estimate for the average power dissipation in the SC rf 
module as 927 W. 

TRANSVERSE HIGHER-ORDER MODES 
Preliminary results of vertical impedance obtained from 

numerical simulations are shown in Fig. 3. The SC rf 
module does not have reflection symmetry because of the 
coupling hole for rf input power. The lowest cutoff 
frequency of vertical waveguide modes for the beam pipe 
is 2.237 GHz. The vertical wakepotentials are calculated 
for a beam offset of 15 mm and -15 mm respectively. 
There is noticeable difference in the vertical impedance 
spectrum for beam offset of opposite sign. The detailed 
analysis of vertical HOMs is in progress. 

1000        2000 3000        4000 

Frequency [MHz] 
5000 

Figure 3: The vertical impedance spectrum calculated 
with vertical beam offset of 15 mm (black) and -15 mm 
(red) respectively. The lowest cutoff frequency of the 
transverse waveguide modes in the vertical direction is 
2.237 GHz. 

CONCLUSION 
The longitudinal HOMs of SC rf module are obtained 

by fitting the impedance spectrum simulated with GdfidL. 
From those fit results, we find that the storage ring at TLS 
will not encounter the longitudinal coupled-bunch 
instability for a beam current less than 450 mA. If there is 
other source of resonator impedance not previously 
known in the storage ring besides the rf cavity, this 
prediction will need to be modified. 
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EFFECTS OF MATERIAL PROPERTIES ON RESONANCE FREQUENCY 
OF A CESR-III TYPE 500 MHZ SRF CAVITY 

M.C. Lin*, Ch. Wang, L.H. Chang, G.H. Luo, NSRRC, Taiwan 
M.K. Yeh, National Tsing Hua University, Taiwan 

Abstract 
A simulation that links the calculation of mechanical 

structure and of radio frequency electromagnetic field 
with the finite element code ANSYS® is employed in this 
study. Both efficiency and accuracy of the calculation are 
thus improved over those of the conventional computation 
that builds separate models with different codes for each 
computed domain because information related can be 
internally transferred between the different computation 
domains. The resonance frequency changes associated 
with mechanical properties of niobium are examined. 
The computed results indicate that the coefficient of 
thermal expansion significantly affects the shift in 
resonance frequency that occurs when the cavity is cooled 
from room temperature to liquid helium temperature. 
Young's modulus and Poisson's ratio have minor effects. 

INTRODUCTION 
As a major upgrade, one CESR-III 500 MHz SRF 

module will be installed in the electron storage ring at the 
National Synchrotron Radiation Research Center, Taiwan, 
to double the stored electron beam and consequently the 
synchrotron light density, as well as to eliminate the 
higher order mode (HOM) effects [1]. This SRF cavity is 
thus examined herein. 

The shell-like cavity inside this SRF module is made of 
3mm-thick bulk niobium sheets. This cavity is immersed 
in liquid helium to be maintained in a superconducting 
state. The saturation temperature of He" at 1 atm (101.33 
kPa) is 4.22 K. The mechanical properties of niobium at 
room temperature and at cryogenic temperature have been 
tested [2,3] to some extent, and found to depend very 
strongly on purity, manufacture, and the post treatment, 
like heat treatment. However, the cavity structure shrinks 
as it is cooled down to cryogenic temperature by liquid 
helium. Consequently the resonance fi-equency of the 
accelerating mode, the TMoio-like mode, raises primarily 
because it is inversely proportional to the radius of the 
cavity. Besides thermal contraction, the SRF cavity is 
also loaded by external pressure, since it has an ultra-high 
vacuum inside while the liquid helium applies external 
pressure. Hence the resonance frequency shift is a total 
effect of cooling and pressuring. 

A coupled domain simulation can predict the RF 
characteristics after cooling. The commercially available 
finite element code ANSYS® has provided the capability 
to link the high-frequency electromagnetic computation 
with structure computation.   Such a linked simulation is 

efficient because compatible models of these two domains 
can be established and integrated using this software. The 
related calculated data can then be transferred since the 
meshes of models employed at these two domains are 
compatible with each other. 

The technique is applied herein to predict the RF 
characteristics of the CESR-III 500 MHz SRF cavity 
when cooled and externally loaded. This study focuses 
mainly on the variation of the electromagnetic resonance 
frequency. For simplicity, the RF input coupler structure 
is not considered. The effects of material properties on 
the electromagnetic resonance frequency are examined. 
At first, the deflection is determined using a shell 
structure model. The coordinates of all the surface nodes 
in the electromagnetic model are updated with the 
displacements of corresponding shell structure nodes. 
Then the electromagnetic characteristics of the deflected 
cavity are computed. 

NUMERICAL MODELING 
In calculating the electromagnetic resonance frequency 

using ANSYS®, a good mesh has been demonstrated to 
reduce the numerical error in the calculated resonance 
frequency of a 500 MHz cylindrical pillbox cavity to 
within 0.1% of theoretical result [4]. This fact helps the 
arrangement of the mesh herein. The cavity wall is 
modeled using shell elements Shell93 for mechanical 
behavior analysis because it is curved and its thickness is 
much less than the main dimensions of the cavity. And 
the brick element HF120 is used in electromagnetic 
computations because it is appropriate for modeling solids 
with curved surfaces. The mapped mesh established 
using the commercial code MSC.PATRAN allows full 
control of its size and shape. 

chyuan@srrc.gov.tw 
Figure 1: FEM model of the CESR-III 500 MHz SRF 

cavity. 
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Only one quarter of the cavity was modeled because 
both the structure and the interested electromagnetic 
fields are symmetric. Figure 1 shows the mesh of the 
FEM model. This model is comprised of 29474 HF120 
elements, 2422 SHELL93 elements, and 126170 nodes. 
The meshes used in structural and electromagnetic 
computations are mutually compatible and allow 
computing information to be transferred between these 
two computation domains. Both the calculation 
efficiency and accuracy are thus improved. 

In calculating the deflection due to cooling and 
pressuring, the assigned nodal displacements are the 
boimdaiy conditions of the fixed end at the round beam 
tube (RBT) and symmetrical edges at the longitudinal 
boundaries of the shell model. Additionally, all the nodes 
at the flute beam tube (FBT) end are constrained to yield 
the same longitudinal displacement. The applied forces 
are the pressures on the inner and outer surfaces of the 
cavity wall and the temperature change. 

In calculating the electromagnetic resonance frequency, 
only the first order transverse magnetic mode, the TMQIO- 
like mode, is considered. Thus, the boundary condition of 
^A- = 0 is implied at cavity surfaces and both RBT and 
FBT ends, where Ax is the covariant components of the 
electric field 

COMPUTED RESULTS 
During cooling from room temperature to 4.22 K, the 

SRF cavity is loaded with a temperature change and a 
pressure difference, so the material properties of interest 
herein are the coefficient of thermal expansion, Young's 
modulus and Poisson's ratio. At room temperature, 
Yoimg's modulus of niobium is 105 GPa; its Poisson's 
ratio is 0.38, and the coefficient of thermal expansion is 
7x10"* K"'. With all these material constants applied and 
internal vacuum and external pressure of 1 atm, the 
computed resonance frequency is 500.559 MHz for a 
CESR-m type 500 MHz SRF cavity at 300 K. 

At cold, only the equivalent state is interested herein. 
From the available data [2, 3], a coefficient of thermal 
expansion of 4.94x10"* K"'; Young's modulus of 125 
GPa, and Poisson's ratio of 0.38 were selected as the 
default niobium properties for numerical computation at 
4.22 K in this work, where no other values are specified. 

Coefficient of Thermal Expansion 

The coefficient of thermal expansion is an important 
property when the temperature change is not negligible. 
This coefficient declines as the temperature falls for most 
materials. The equivalent coefficient of thermal 
expansion is determined as the total thermal contraction 
ratio over the entire range of temperature change 
considered. This definition simplifies the numerical 
computation to avoid incremental computation. The 
equivalent coefficient is expected to strongly affect both 
the deflection and the resonant frequency of the SRF 
cavity. 

501.4 

501.2 

501.1 

Effective Coeff. of Thermal Expansion «   ( x 10    ) 

Figure 2: Variation of computed resonance frequency 
of a CESR-III 500 MHz SRF cavity with 
various equivalent coefficients of thermal 
expansion at 4.22 K. 

With an intemal vacuimi and an external pressure 
101.33 kPa, Fig. 2 shows that the resonance firequency of 
the CESR-III 500-MHz SRF cavity increases linearly 
fi-om 501.164 MHz to 501.461 MHz as the equivalent 
coefficient of thermal expansion increases from 4.0x10"* 
K"' to 6.0x10"* K"'. A cavity with a higher coefficient of 
thermal expansion shrinks more when cooled down, and 
thus has a higher resonance frequency. The variation of 
computed resonance frequency is approximately +/-150 
kHz given a +/-20% variation in the equivalent coefficient 
of thermal expansion of around 5.0x10"* K"'. 
Accordingly precise data on the thermal contraction of 
cavity material at cryogenic temperatures can improve the 
prediction of the cavity's resonant frequency at a 
cryogenic temperature. 

Young's Modulus 

Briefly, a higher Young's modulus implies greater 
structural stiffness and, thus, a smaller deflection of a 
structure under external loading. According to the 
experiment of Rao and Kneisel [1], Young's modulus of a 
high-purity niobium sheet is about 125 GPa at 4.2 K. 
They also stated that the measured Young's modulus of 
each niobium sheet from different suppliers or undergone 
different heat treatments varies widely. 

Figure 3 plots the variations in the resonance frequency 
of the CESR-III 500 MHz SRF cavities with various 
Young's modului given an intemal vacuum and an 
external pressure of 101.33 kPa. The cavity's resonance 
frequency is shovra to increase with the Yoimg's modulus 
at both 300 K and 4.22 K. This indicates a higher 
Young's modulus implies greater structural stiffness and 
thus a smaller deflection and frequency shift. However, 
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:=   501.30 

-at 4.22 K 
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Figure 3: Variation of computed resonance frequency 
of a CESR-III 500 MHz SRF cavity with 
various Young's modulus. 

over the computed range of Young's modulus, the 
frequency variation is below 20 kHz at both 300 K and 
4.22 K 

Poisson 's Ratio 
Poisson's ratio is defined as the negative of the ratio of 

lateral strain to the stretched longitudinal strain. 
According to the theory of elastic mechanics, Poisson's 
ratio is between 0 and 0.5. Figure 4 shows the variation 
of the computed resonance frequency of the CESR-III 
500 MHz SRF cavity at 4.22 K, under loading conditions 
of an internal vacuum and an external pressure of 101.33 
kPa, as Poisson's ratio changes from 0.1 to 0.5. Although 
the resonance frequency decreases as Poisson's ratio 
increases, the total frequency shift is below 4 kHz in the 
computed range of Poisson's ratio, as shown in Fig. 4. 
Thus Poisson's ratio is a minor factor in determining the 
resonance frequency. 

CONCLUSIONS 
A structure-RF coupled computation process with 

single code is herein used to predict the characteristics of 
the CESR-III 500 MHz SRF cavity cooled down to Uquid 
helium temperature. The mechanical properties of 
niobium are examined to find their effects on the 
resonance frequency of TMoio-Hke mode. According to 
the computed result, the electromagnetic resonance 
frequency increases when the SRF cavity is immersed in a 
liquid helium bath, due to thermal contraction of the 
cavity.    The coefficient of thermal expansion strongly 

'-^ 

1    '    1 . 1 . 1 . -,  

501.306 

■  \ 

501.305 

■     \ 

501.304 

-         \. 

501.303 ——1 . 1 . 1   .1.1 

0.2 0.3 0.4 

Poisson's Ratio 

0.5 

Figure 4: Variation of computed resonance frequency 
of a CESR-III 500 MHz SRF cavity with 
various Poisson's ratio at 4.22 K. 

affects the shift in resonance frequency when the cavity is 
cooled from room temperature to liquid helium 
temperature, whereas Young's modulus and Poisson's 
ratio have minor effects. 
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PRELIMINARY STUDIES OF ELECTRIC AND MAGNETIC FIELD 
EFFECTS IN SUPERCONDUCTING NIOBIUM CAVITIES* 

G. Ciovati^ P. Kneisel, G. Myneni, J. Sekutowicz, TJNAF, Newport News, VA 23606, USA 
A. Brinkmann, W. Singer, DESY, 22603 Hamburg, Germany 

J. Halbritter, FZK IMF I, 76021 Karlsruhe, Germany 

Abstract 
Superconducting cavities made from high purity 

niobium with RRR > 200 often show pronounced features 
in the Q vs. Eacc dependence such as a peak at low 
gradients, a B^-slope at intermediate fields and a steep 
degradation of Q-values ("Q-drop") at gradients above 
Eacc ~ 20 MV/m without field emission loading. 

Whereas the B^-slope is in line with 'global' heating [2] 
there are still different models to explain the observed "Q- 
drop". The model of ref. [1] is based on magnetic field 
enhancements at grain boundaries in the equator weld 
region of the cavity and local heating. These grain 
boundaries become normal conducting, when their critical 
magnetic field is reached and contribute gradually to the 
losses in the cavity as long as they are thermally stable. 

The model proposed in ref. [2] is based on effects 
taking place in the metal-oxide interface on the niobium 
surface. The major contribution to the RF absorption is 
coming from interface tunnel exchange between 
electronic states of superconducting Nb with their energy 
gap and localized states of the dielectric Nl^Os. 

An experimental program was started at JLab to settle 
the mechanisms behind B^-slope and the Q-drop. A 
modified CEBAF single cell cavity is excited in either 
TMoio or TEoii modes and the Q vs. £„„ dependences are 
measured as a function of various surface treatments such 
as BCP, electropolishing, high temperature heat treatment 
and "in-situ" baking. In addition, a special two-cell cavity 
was designed, which allows the excitation of the 0 - and 
71 - modes of the TMQIO passband, which "scan" different 
areas of the cavity surface with high electric and magnetic 
fields, respectively. This contribution reports about the 
design and first measurements with both types of cavities. 

ELECTROMAGNETIC DESIGN 
Other than the mode TMQIO, used to accelerate a 

charged particles beam, the resonant mode TEQU in a 
cylindrical structure has the property of having a purely 
azimuthal electric field configuration, providing a way of 
measuring only the effect of the magnetic field on the 
surface resistance. A CEBAF single cell cavity with side- 
port coupling can be excited in both TMQIO and TEQH 

modes by using a properly shaped inductive loop. The 
basic properties of these modes have been computed with 
SUPERFISH and are summarized in Table 1. Figure 1 
shows the field distributions along the cavity surface. It 
can be seen that the magnetic field in the TEQH mode is 

* Work supported by the U.S. DOE Contract No DE-AC05-84ER40150 
gciovati@jlab.org 

localized in a region next to the cavity's iris. The shape of 
the loops used as an input coupler and a field probe for 
both modes have been optimised through few iterations. 

Table 1: Electromagnetic ] 
TEQH modes for a 

parameters of the TMQIO and 
CEBAF single cell. 

TMoio TEou 
Frequency [MHz] 1472.599 2830.723 
E„J'U [(MV/m)M] 24.1 0 
B„J'U [mT/.J] 60.7 70.4 
G(=ftsGo)[Ql 271 701 

— Radius (cm) 

— |H| TMOIO (kA/m) 

— IHITEOII (kA/m) 

|E|TM010(MV/m) 

Figure 1: Surface fields for the two modes for 50mJ 
stored energy and cavity profile. 

In addition to the CEBAF single cell, a two cells cavity 
was designed so that one mode would have a high ratio of 
peak magnetic to peak electric field and one tihat would 
have both high peak electric and magnetic fields. It was 
decided to have these two modes as close in frequency as 
possible, to reduce the effect of the frequency dependence 
of surface resistance. 

The cavity was designed with the FEM code described 
in ref [3] and the field configurations of choice are the 
TMoio-0 and -7t modes. Their features are a large beam 
pipe that allows a large cell-to-cell coupling and steep 
curvatures at the equators and middle iris, confining the 
peak fields in these regions. 

The electromagnetic parameters of the modes are 
indicated in table 2, while figures 2 and 3 shows the field 
distributions on the cavity surface. 

0-7803-7738-9/03/$17.00 © 2003 IEEE 1374 



Proceedings of the 2003 Particle Accelerator Conference 

Table 2: Electromagnetic parameters of the TMQIO-O and 
TMQIQ-TI for the 2-cells cavity. 

TMoio-0 TMoio-7i 
Frequency [MHz] 1381.848 1494.574 
^oeak/'t/  [(MV/m)/.Jl 2.92 11.26 
B^J'U [mT/.Jl 23.0 24.5 
G{=R,Q^)\m 406 426 

20.0- 

— Radius [cm] 
—TM010 0-mode 
—TM010 pi-mode />rx  y-/C\ /rsyr\\ 

X in n - // \ / W 
5 0 ■ ^J^^Y~^\^ /  //                    W                   \\ \ 

0.0 J^         1         "^ 
30 
z[cm] 

60 

Figure 2: Surface magnetic fields in the TMQIO-O and n 
modes for IJ stored energy. 

— Radius [cm] 
TlVIOIOO-modef 
TM010 pi-mode I 

Figure 3: Surface electric fields in the TlVIoio-O and n 
modes for IJ stored energy. 

It can be seen that the combination of the TIVIQIO modes 
offers the possibility of having high electric and magnetic 
fields mainly in the area where the electron beam welds 
are located. 

Calculations with the FEM code MULTIPAC showed 
that the conditions for multipacting are not met for this 
cavity shape. 

Both cavities were fabricated with RRR>250 niobium, 
using the standard procedure of deep-drawing half-cells 
followed by electron beam welding. The CEBAF single 
cell cavity has niobium flanges with indium seal, while 
the 2-cells cavity has Nb55Ti flanges with AlMg3 gaskets. 
The preparation for the vertical tests consists of buffered 
chemical polishing (BCP) with a mixture of HF, HNO3, 
H2PO4 in a 1:1:1 ratio, removing a total amount of about 
150^m from the internal surface. After drying, the cavities 

are assembled in a class 100 clean room and attached to 
the vertical stand where they are evacuated to about 10"' 
mbar prior to cooldown. 

Figure 4 2-cells cavity (left) and CEBAF single cell 
(right) on the vertical test stand. 

The measurement of the CEBAF single cell cavity in 
the vertical test (Fig. 5) showed a 2-drop in the TMQIO 

mode starting at a peak magnetic field of about 1 lOmT 
without field emission, but in the TEQH mode the cavity 
quenched at that field level. The surface resistance 
between 4.2K and 2K was measured and then fitted to the 
BCS theory to obtain values of residual resistance, mean 
free path and energy gap. 

•TM010T=2K 

Cf 1.E+10- 

•■ 

'■■^■■v 

^-t" ■;*■.'' t ■ i L T  

"'      -^^ ffc  
'tU^ 
^-^ 

Quench ^—. 

l.E+09 ■ 

-4— 

1  11  21  31  41  61  61  71  81  91 101 111 121 131 

Bp.1, [mT] 

Figure 5: Q vs. Bp.ak in the TIVIQIO and TEQH modes at 2K. 

Subsequently the cavity was "in situ" baked for 20hr at 
lOOC and tested again. The results are shown in figure 6. 
In the TM mode a strong Q-slope starting at a peak 
magnetic field of about 38mT was observed, while the 
test in the TE mode showed the same Q vs. field behavior 
as before baking, with a quench at 97mT. After baking, 
the residual resistance increased in both modes, together 
with a decrease in mean free path, whereas the BCS part 
of the surface resistance had changed to a lower value as 
typically observed. 
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<f 1.E+10 

•TM010T=2K 

%3^ 
F ^^^SS^rl^t*^ i.^irr^^.  

-H-'i. 
—r--. . Quench 

-t^._,   . 

"■"^ti . 
^^. 

1      11     21     31     41     51     61     71     81     91    101   111   121   131 

Bp«ik[niT] 

Figure 6: Q vs. Bpeak at 2K after lOOC, 20hr baking. 

The results of the vertical test of the 2-cell cavity are 
shown in figure 7. Both -0 and -n mode show the same 
field dependence with Q-drop without field emission 
starting at a peak surface magnetic field of about 75mT. 
The maximum field of lOOmT corresponds to a peak 
surface electric field of about 45MV/m in the -n mode, 
but it's only 13MV/m in the -0 mode. The residual 
resistance is extremely low in both modes. In a previous 
test, muMpacting was seen at Bpeak = lOmT in both modes 
and processed after about 30min of applying RF power to 
the cavity. 

Cf 1.E+10 

♦ pi-mode T=2K 

■ 0-mode T=2K 

ii      ^^ f^iiii 

-                     TMc,o-0 TMo,o-Ti 
.R„,[nQl       2±2 3±4 

-A/l<Te 1.86±0.03 1.84±0.04 
/[nm] 1438 ±1057 499 ±284 

1       11      21      31      41      51      61      71      81      91      101     111 

Bp«i, [mT] 

Figure 7: Q vs. Bp^at in the TMQIO modes at 2K. 

The cavity was baked under vacuum at 80C for 24hr by 
a stream of heated nitrogen gas to avoid oxidation of the 
cavity outer surface. It was then tested again at 2K (figure 
8) showing an increased residual resistance, reduced mean 
free path and a strong Q-slope beginning at very low 
fields. The field behavior of the two modes is again very 
similar. These results remain after warming up to room 
temperature and cooling down again to 2K. The same 
results were obtained in a previous test when the cavity 
was baked at lOOC for 24hr. 

cf 1.E+10 

- TM„,|,-0 TM|„„-:i 
IR„[nn) 19±3 9±3 
-i/l(T. 1.84 ±0.03 1.84 ±0.05 
-/[nm] 118 ±43 200 ±135 

♦ pi mode 

■ 0 mode 

i?*l**lf"tti 

1       11      21      31      41      51      61      71      81      91      101     111 

Bp.k [mT] 

Figure 8: Q vs. Bpeat at 2K after 80C, 20hr baking. 

DISCUSSION 
We believe that the quench in the TEon mode is related 

to a surface defect and does not appear in the TMoio 
because of the different field location of the magnetic 
field. We plan to improve the quench behavior of the 
cavity by both "guided repair" and post purification of the 
niobium material. The Q vs. Bpeat curves after baking 
were unexpected. In the single cell cavity the TEon mode 
still presents a "normal" heating effect (R^Bpeak) <>= Bp™/) 
but the TMoio shows an exponential increase of suiface 
resistance with Bp^ak above about 30mT. This was seen in 
both modes of the 2-cell cavity. The results on the TE/TM 
modes seem to be consistent with the model in ref. [2], 
however some ambiguity remains since the //-field limit 
in the TEon mode happened close to the field level where 
the 2-drop happened in the TMoio mode. The results from 
the 2-cell cavity seem to indicate a magnetic field effect. 
The areas where the welds are located are high magnetic 
field regions and their large grain structure might play an 
important role. To better investigate this possibility, three 
seamless hydroformed NbCu 2-cell cavities have been 
made at DESY. Further tests on the single cell and 2-cell 
cavity will include high temperature heat treatment and 
electropolishing. 
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IMPROVED PROTOTYPE CRYOMODULE FOR THE CEBAF 12 GEV 
UPGRADE* 
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Abstract 
In order to provide a higher performance building block 

cryomodule for the CEBAF 12 GeV upgrade, 
modifications have been made to the design of the 
Upgrade Cryomodule. The prototype cryomodule will be 
completed in 2004 and be installed for operation in 
CEBAF. Design changes enable the use of higher 
gradient cavities to achieve greater than 100 MV per 
cryomodule while not exceeding the budgeted cryogenic 
load of 300 W during steady-state operation. They also 
include refinements based on experience gained during 
the construction of the first generation upgraded 
cryomodules as well as the prototype cryomodule for the 
Spallation Neutron Source. Two cavity designs will be 
used in the prototype, one optimized for Epeak/Eacc ratio, 
and the other optimized for minimum cryogenic load. 
The input waveguides, thermal shield and piping have 
been redesigned to accommodate the higher expected heat 
loads. The vacuum connections consist of niobium- 
titanium flanges, aluminum-magnesium seals and 
stainless steel clamps to provide reliable UHV sealing. 
The cavity tuner features one cold motor and two 
piezoelectric actuators to provide coarse and fine tuning 
respectively. 

INTRODUCTION 
A series of three cryomodules (CMs) is being 

constructed as part of JLab's efforts to increase the 
machine availability and reliability, provide additional 
acceleration for the Free Electron Laser (FEL) and 
produce prototypical CMs for the 12 GeV Upgrade of 
CEBAF. The first two CMs constructed are based on the 
initial "Upgrade CM" design [1,2]. The first of these has 
been completed, installed and commissioned in the SL-21 
zone of the south linac of CEBAF, and the second, 
"FEL03," is planned for installation into the JLab FEL in 
late 2003. Both modules contain 7-cell cavities based on 
the original CEBAF cavity cell shape and are expected to 
exceed 70 MV of acceleration. The third module, dubbed 
"Renascence," incorporates several design changes in 
order to provide more than the 108 MV capability 
required by present plans for the 12 GeV upgrade of 
CEBAF [3]. It is planned for installation into CEBAF in 
late 2004, serving both as a reliability improvement for 
continuing 6 GeV operation, as well as a prototype for the 
12 GeV upgrade. 

To obtain the required level of HOM damping while 

revising the cavity cell shape to improve performance, it 
is necessary to move the coaxial HOM couplers closer to 
the cells. This displaced the tuner mount, requiring a new 
tuner design. Also, the input waveguide thermal 
engineering had to be revisited to avoid conducting too 
much heat to 2 K via the cavity input coupler flange. 
Anticipating continued progress in controlUng field 
emission in niobium cavities, a development effort was 
started to design a heat-load optimized structure for 
CEBAF, referred to as the Low Loss 
(LL) cavity. This is being performed in parallel with the 
previously designed High Gradient (HG) cavity that 
minimizes the Epeak/Eacc ratio to reduce the risk of field 
emission performance limitations. The prototype CM 
Renascence will comprise a mixture of the LL and HG 
structures. Each cavity has four TTF-style HOM couplers. 
Specific details of the cavity designs can be found 
elsewhere [4]. 

Experience with construction of the first Upgrade CM 
also indicated a need to improve the flange seal designs, 
particularly those on the beam line. New solutions are 
included in plans for Renascence. 

CRYOMODULE REQUIREMENTS 
The performance requirements for the improved 

prototype are identical in many ways to the initial 
prototypes in areas such as cavity tuning, alignment and 
overall dimensions. Only a few key requirements have 
been changed. A comparison between the first upgrade 
prototype and the improved prototype CM is given in 
Table 1. To attain 108 MV, each cavity must achieve a 
gradient of 19.2 MV/m. The concomitant requirements of 
high quality factor (Q) and high accelerating gradient are 
very challenging. In addition, cw operations and the 
narrow bandwidth of 75 Hz place high demands on the 
mechanical tuner design. 

Table 1: Cryomodule Comparison 

* Supported by US DOE Contract No. DE-AC05-84ER40150 
*eddaly@jIab.org 

Parameter 70MVCM 
ri,2i 

12 GeV CM 

Average cavity gradient 
(MV/m) 

12.5 19.2 

Vcavitv 6E+09 8E+09 
Qextemat 2E+07 2E+07 
Klystron power, cw 
(kW) 

8 13 

2KRF heat load (W) 140 240 
50KRF heat load (W) 120 104 

0-7803-7738-9/03/517.00 © 2003 IEEE 1377 
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The estimated and budgeted heat loads are Usted in 
Table 2. These heat loads are significantly higher than 
what was planned for with the initial prototypes. 
Changes in the header piping are required to 
accommodate the higher heat loads. 

Table 2: Estimated & Budgeted Heat Loads 
2K Heat Load (W) 50 K Heat 

Load(W) 
Static <25 180 - Shield 

56 - Coupler 
Dynamic 
(8 cavities) 

240 108 

Total 275 340 
Budget 300 400 

DESIGN IMPROVEMENTS 
The initial design effort for the upgrade CM was 

significant and resulted in an integrated solution that 
considered these key areas: the cavity structure, beam line 
interfaces, RF power coupling, cavity tuning, and cavity 
suspension and alignment. Based on experience with the 
first prototype as well as added experience with the SNS 
CM design, most of these key areas were studied again in 
an effort to improve upon the existing design where 
possible. In addition, the thermal shield and header 
piping was re-designed to improve clearances for thermal 
performance, reduce the manufacturing cost and simplify 
the assembly sequence. In all cases, design improvements 
that minimally impacted the CM cost were carefully 
considered. Each of the improvements is discussed in 
detail. 

Cavity Flanges 
In order to package 108 MV of acceleration into 5.6 

meters of active length within the existing CEBAF slot 
length, there are no beam line bellows in the cavity string 
assembly. There is very little axial beam line space 
available for installing and tightening fasteners. The 
cavity beam line flanges are sealed with cmshable 
aluminum-magnesium seals like those developed for the 
TESLA cavities and adopted for the SNS cavities. 

Figure 1: Radial Wedge Flange Clamp - Assembled 
(left) and Partially Disassembled (right) 

To provide the high sealing forces required in limited 
axial space, a new flange clamping mechanism is used for 

the cavity beam line flanges. The design (Fig. 1) is called 
a radial wedge flange clamp [5] and is based on using 
multiple flat wedges within a set of self-centering clamps 
to transmit high clamping forces needed for metal-to- 
metal seals. The clamp and seal assembly has been 
successfully leak tested while at 2K in separate tests with 
a Conflat® copper gasket as well as an aluminum- 
magnesium metal gasket. 

Sealing the rectangular waveguide flange with anything 
other than indium has proven difficuh. Efforts to develop 
an alternative using an aluminum-magnesium seal or 
other materials are proceeding. If no alternative is found, 
these flanges will be sealed with an indium gasket. 

13 kWFundamental Power Coupler Waveguide 
The original upgrade waveguide design was capable of 

transmitting 6 kW of RF power to the cavity [6]. The 
waveguide for Renascence is capable of transmitting up to 
13 kW of RF power to the cavity [7]. For the prototype, 
an additional heat station (Fig. 2, shown in red) from the 
waveguide to the thermal shield is required to transmit the 
required power while managing the thermal load to the 
primary helium circuit. The heat load conducted to the 
cavity end group is large, nearly 4 W (Fig. 2). An 
additional 60K heat station (Fig. 2, blue curve) was 
chosen for this prototype for cost reasons. The waveguide 
design for the production CMs will have an intermediate 
300 K heat station (Fig. 2, red curve) since it is a more 
efficient design solution. The FPC end group on the 
cavity is fabricated from niobium with RRR > 250 in 
order to avoid overheating during RF operations. 

I  ISO 

BW ew ! ■ "1 "      ^\^i ■ 
■*-    ~"^^ 

.4W -X              i^ \ pi 
\         \ \ 
\                                     \   "•'*' 

\    :                           \\i 
«.TW   >V^ 

4.3 W -,\= 3.4 W 

-i 

- Original design with additional 60 K Heat Station 
-Original design with additional 300 K Heat Station 
■■Heat station locafions 

Figure 2: 13 kW Waveguide Thermal Profile 

The plating thickness for the waveguides has been 
increased. The upgrade specification had been 1.6 \an 
nominal thickness with a range of -20% to +30%. The 
range was based on achievable limits quoted by the 
vendor. The specification was changed to 4.5 ± 1.5 ^m to 
avoid inadequate copper plating coverage. 
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Thermal Shield 
The thermal shield intercepts the radiative heat loads 

and conductive heat loads from both heat stations on the 
FPC waveguide. More thermal straps have been included 
on the thermal shield to transport the additional heat 
deposited in the FPC waveguide during high power 
operations. There are six straps on the inner heat station 
and ten straps on the outer heat station 

In order to simplify the piping design, only a single 
pass from the supply to the return is included. The 
thermal straps are attached to the shield near the cooling 
line. A helium mass flow of 8 gram/sec is required to 
remove the budgeted heat load of 400 W with a 
temperature rise from 35 to 45 K. 

Helium Vessel and Headers 
The titanium helium vessel consists of two heads, two 

bellows and a cylindrical shell. The heads are welded to a 
niobium-titanium transition ring, which is part of the 
cavity end group. The bellows are located near the 
helium vessel head opposite the FPC and enable cavity 
tuning. The helium vessel heads are added to the cavity 
after any high temperature baking in order to avoid 
embrittlement of the titanium. 

The dynamic heat load per cavity is estimated at 30 W. 
In superfluid helium the maximum critical heat flux is 
conservatively 1 W/cm^ [8], requiring a 30 cm^ cross- 
section to support the heat flow into the return header. 
The vertical piping connections between the helium vessel 
and the return header have been increased from l-'/i" IPS 
to 2" IPS to avoid exceeding the critical heat flux. 

Cold Tuner 

The tuner system consists of a coarse mechanical tuner 
and a fine piezoelectric tuner and satisfies the same design 
requirements as the first prototype tuner (Table 3). This 
tuner mechanism differs significantly from the first 
prototype because all of the components are cold, 
including the motor, harmonic drive and piezoelectric 
actuators. This design approach, adopted from the 
TESLA design and applied to the SNS design, relies on 
the component evaluation tests that were conducted to 
prove out the SNS tuner system. The range and resolution 
goals are derived from these tests. 

Table 3: Tuner Requirements and Design Goals 
Parameter Requirement Design Goal 
Coarse Range (kHz) >400 >600 
Coarse Resolution (Hz) <100 <3 
Coarse Backlash (Hz) <25 <10 
Fine Range (Hz) 1000 >2000 
Fine Resolution (Hz) <1 <1 

Alignment 
The overall alignment requirements are identical to not 

only the first prototype but also the original CEBAF CMs; 
the cavities are aligned to the ideal beam line reference 

within 2 mrad RMS. A pair of fiducial rings, which are 
machined into the end plates prior to cavity assembly, 
defines the cavity mechanical centerline. The eight-cavity 
string is positioned relative to the nominal beam 
centerline via Nitronic stainless steel rods within the 
spaceframe. The cavity flanges have compliance that, 
when combined with the relatively flexible FPC end 
group, enables lateral adjustment of the cavity ends 
without the need of inter-cavity bellows [9]. The 
alignment scheme uses the same techniques employed to 
acceptably align the cavity string for the first prototype 
CMs. 

SUMMARY 
The design of the improved prototype CM is underway. 

The design effort is proceeding more rapidly than for the 
first prototypes because the majority of the interfaces 
between components have been defined. 

Prototype cavities have been constructed. The new 
tuner design is complete and in fabrication. Detailed 
designs for other components such as the thermal shield 
and helium vessel are in progress. 

Cavity, helium vessel and tuner testing is planned for 
this coming summer. The cavity string assembly is 
planned for the end of 2003. The completed CM, with a 
mixture of high gradient and low loss cavities, is 
scheduled for mid-spring 2004 with testing completed by 
fall 2004. 
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LORENTZ DETUNING OF SUPERCONDUCTING CAVITIES WITH 
UNBALANCED FIELD PROFILES * 

J. R. Delayen*, Thomas Jefferson National Accelerator Facility, Newport News, VA 23606, USA 

Abstract 
Tests on the prototype SNS medium beta cryomodule 

showed a strong correlation between the flatness of the 
field profile and the Lorentz detuning coefficient (both 
static and dynamic). We present an analytical model for 
the enhancement of the Lorentz detuning as a function of 
the flatness of the field profile resulting from a spread of 
the frequencies of the individual cells of the cavity. 

INTRODUCTION 
Lorentz detuning of superconducting cavities is the 

change of frequency associated with the deformation of 
the geometiy induced by the radiation pressure of the 
electromagnetic field. In all practical applications, this 
detuning is proportional to the square of the amplitude of 
the electromagnetic field. Measurements on the SNS 
prototype cryomodule have shown large variations of the 
Lorentz coefficient -by more than a factor of 2- between 
supposedly identical cavities [1,2]. There seemed to be, 
however, a correlation between the flatness of the field 
profile and the Lorentz coefficient. In this paper we 
calculate analytically and numerically the change of the 
Lorentz detuning coefficient associated with the flatness 
of the field profile. 

TWO-CELL CAVITY MODEL 
We represent a 2-cell cavity as two coupled harmonic 

oscillators of frequencies   co,   and  (O.^viiih a coupling 

strength kcol. This coupled system is represented by 

x^ + (O^x^ = kcolx^ 

x^ + (o\x2 = kcolxi 
The two eigenvalues (frequencies of the resonating 
modes) and eigenvectors (amplitudes of the fields in the 
cells) are 

m\ + ml ± Uw] - o)\ J + Acolk" ]"" 

X, 

2 
2ko)l 

m\-mU\{(ol-m\)\Acolk'J 

(1) 

(2) 

Cavities are usually operated in the Ji-mode where the 
amplitudes have opposite signs in the two cells. This 
implies choosing the upper sign in the above equations. If 
we assume that the frequencies of the two cells have 

* Work supported by the U.S. Department of Energy under contraa 
DE-AC05-00-OR22725 
'delayen@jlab.org 

different    values    such    that at ■■(ol{\ + a)     and 
co\ =a)l(\-a), then the frequency of the "7i-mode" is 

ft)^ = fiUo f 1 + (o^ + *^ yn and the ratio of the amplitudes 

in the two cells is — = —. 

Often, the operating gradient of an accelerating cavity is 
defined not in terms of the actual voltage provided, which 
is not directiy measurable in the absence of a beam, but 
through the intermediary of the energy content. The 
relationship between energy content and gradient is 
obtained and defined for a well-balanced stiiicture. Thus, 
a comparison of the Lorentz detuning between a balanced 
and unbalanced structure will be made first at constant 
energy content i.e. we will assume that xf+x^=2. With 
this assumption, the amplitudes in the two cells of an 
unbalanced structure are 

k 

{-" + k 

a-{a'+k')"'- 
-"]■' 

(3) 

We now introduce Lorentz detuning by assuming tiiat 
the frequencies of the two cells change by amounts 
proportional to the square of their amplitudes: 

w', = colU + a-fixl),   col = <fl-«-A'). 
We assume that the changes in frequency induced by 

Lorentz detuning are small enough that the amplitudes are 
still given by Eq. (3). From Eq. (1), and using the upper 
sign, the frequency of the "7i-mode" is 

a. l-;8+ c^ P 
{c^+k^y 

+e 

and the ratio of Lorentz-induced frequency shift with and 
without asymmetry between the two cells 
is 

P- 

Aft)'(a = 0) 

fi 
\ 

{a'.^TJ 
+ k' -{aUk')'" 

1 + - 
(g'+t')'" 

a'+k' 
1 + 

a'fi 

{a^.kT[     {a'^^TJl 
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Thus the enhancement due to asymmetry (a#0) 
should always be less than 2. In fact, if we make the 
realistic assumption that the Lorentz detuning at the 
operating field is much less than the cell-to-cell coupling 
06 <K ^) the enhancement simplifies to 

Afl9^(ar = 0) 

where E=alk 

= 1 + 
a^ +k 

- = 1 + 
l-t-e" ' 

(4) 

These results apply to identical "assumed" gradients; 
actually they are at identical energy content and the actual 
gradient will be less than the "assumed" gradient. With 
the above notations and with 3;. =|xj, at an energy 

content yl + yl=2, the energy gain in a balanced 

structure will be )', + jj = 2. In an unbalanced structure, 
the real energy gain at the same energy content will be 

yx+yi = 
\-e+[\ + ^f 

(l..^)-[(l.^)--.]" 
-<2. 

In the case of extreme field unbalance, only one cell 

will be energized and the actual energy gain will be •Jl 
instead of the assumed 2. 

When comparing the Lorentz detunings at identical real 
gradients, the result of Eq. (4) needs to be multiplied by 

-=!■ 

[o^+e^'" ) 
(y^ + yif    i+(t^+)fc^)" 

and the detuning enhancement at constant real gradient is 
Affl^(a5£0) l + 2f' 
Acol(a = 0)    i + (i + f^)'"(i + £2y' (5) 

The field flatness can be defined simply in a 2-cell 
structure as 

|3'i->'2l 0 = i 
I      l + e-l + £^t 

''- T 
l-£+(l + £^)" 

'- = 2 (6) 
yi+y2 

2 
The Lorentz detuning enhancement at constant energy 

content and at constant energy gain given by Eqs. (4) and 
(5), respectively, are shown in Fig. 1 as function of the 
field flatness defined by Eq. (6). 

When the cells are almost identical (i.e. when their 
fi-equency difference is much less than the cell-to-cell 
coupling), the enhancements at constant energy content 
and constant energy gain are l-l-O^ and 1 + 1.25<I>^, 

respectively. In the case of extreme difference between 
the two cells the enhancement at constant energy content 
is 2, while, at constant energy gain, it is 4. 

3S - X 

2^ ■ 
/ 

2 ■ / 

1 S 
^^ ̂ ^  

1 
^^^ 

1 

* 

Figure 1: Lorentz detuning enhancement for a 2-cell 
structure as a function of field fiatness between the two 
cells. Blue curve is at constant energy content; red 
curve is at constant energy gain. 

MULTI-CELL CAVITIES 

In the case of cavities with a large nuniber (AO of 
different cells, the modes frequencies and amplitudes, and 
the Lorentz detuning coefficient cannot be obtained 
analytically and a numerical analysis is required. 
Additionally there are several ways of defining the field 
flatness, and there is no one-to-one relationship between 
any of those and the Lorentz detuning enhancement. 

One way of defining the field flatness is 
_max(y,)-min(y,) 

' h) ■ 
Another way is through a standard deviation 

Ay.-ky)r *, 
N 

N-l {yy 

(7) 

(8) 

It can be noted that, for a 2-cell structure, these two 
definitions are identical to each other and to that given by 
Eq. (6); and that, in the case of extreme field unbalance 
where only on cell is energized, we have O, = O^ = AT . 

We have analyzed numerically a large number of multi- 
cell structures with random deviations of the frequencies 
of each individual cells from an average. This amounts to 
finding the eigenvalues and eigenvectors of tridiagonal 
NxN matrices to obtain the frequencies without Lorentz 
detuning, and then solving the problem again where the 
frequency of each cell has been changed further by an 
amount proportional to the square of the amplitude in that 
cell. The change in frequency of the "71-mode" is then 
compared to the one that would occur in a similar 
structure where all the cells are identical. 

Results for 6-cell structures are shown in the Figures 2- 
6. The same numerical analysis was applied to 2-cell 
structures and the analytical results of section 2 were 
recovered. 
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Figure 2: Correlation between the field flatness 
defined by Eqs. (7) and (8). 

Figure  5:   Lorentz  detuning  enhancement  at  constant 
energy content for field flatness defined by Eq. (8). 
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Figure 3: Lorentz detuning enhancement at constant 
energy content for field flatness defined by Eq. (7). 

*;,(*) 

Figure 4: Lorentz detuning enhancement at constant 
energy gain for field flatness defined by Eq. (7). 

DISCUSSION 
During the measurements on the SNS prototype 

cryomodule, Lorentz detuning coefficients of the three 
cavities were measured. Variations of more than a factor 
of 2 were observed and seemed to be correlated with the 
flatness of the field profile, which, when measured at 
room temperature, was up to 70% according to definition 
given by Eq. (7). The present analysis supports this 
correlation but cannot explain such a large difference, if 

2        3        4        5       6 

Figure 6: Lorentz detuning enhancement at constant 
energy gain for field flamess defined by Eq. (8). 

the field flatness remained the same during cooldown, and 
other factors may have contributed. 

Analysis of a large number of cavities with random 
perturbation of the cell frequencies show similar 
correlation between the two definitions of the field 
flatness and the Lorentz coefficient enhancement. 
Definition (7) seems to be better correlated with the 
detuning enhancement for large flatness coefficients, 
while, for low values of the flatness coefficient, there is a 
better correlation with the flatness defined by Eq. (8). 
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PIEZOELECTRIC TUNER COMPENSATION OF LORENTZ DETUNING IN 
SUPERCONDUCTING CAVITIES * 

G. K. Davis, J. R. Delayen* 
Thomas Jefferson National Accelerator Facility, Newport News, VA 23606 

Abstract 
Pulsed operation of superconducting cavities can induce 
large variations of the resonant frequency through 
excitation of the mechanical modes by the radiation 
pressure. The phase and amplitude control system must 
be able to accommodate this frequency variation; this can 
be accomplished by increasing the capability of the rf 
power source. Alternatively, a piezo electric tuner can be 
activated at the same repetition rate as the rf to counteract 
the effect of the radiation pressure. We have 
demonstrated such a system on the prototype medium 
beta SNS cryomodule [1] with a reduction of the dynamic 
Lorentz detuning during the rf pulse by a factor of 3. We 
have also measured the amplitude and phase of the 
transfer function of the piezo control system (from input 
voltage to cavity frequency) up to several kHz [2]. 

DYNAMIC LORENTZ DETUNING 
SNS will be the first large-scale use of superconducting 

cavities in a pulsed accelerator. Although the cavities will 
be strongly beam-loaded the dynamic Lorentz detuning is 
expected to be a substantial fraction of the bandwidth and 
the phase and amplitude control under these conditions 
will require additional amounts of rf power. During tests 
of the SNS prototype cryomodule [1,2], the dynamic 
behavior of the frequencies of the 3 cavities was 
measured and the use of a piezo tuner for its 
compensation was evaluated. 

The measurements were made with a cavity resonance 
monitor (CRM) [3]. The CRM has a 50 dB dynamic 
range, so it can measure the cavity frequency during the 
rise and decay of the fields, but we do not have, at 
present, the ability to measure the frequency between 
pulses. This would require maintaining a small but finite 
rf field in the cavity. 

A typical measurement of the dynamic Lorentz 
detuning for an "SNS" pulse is shown in Fig. L In that 
figure, and all similar ones, the transients at the beginning 
and the end are associated with the phase-lock loop 
acquiring and losing lock and are not significant. 

PIEZO TUNER TRANSFER FUNCTIONS 
The transfer fiinction (phase and amplitude) from input 

voltage of the amplifier driving the piezo to cavity 
frequency was measured. This was done by sweeping the 
frequency   of  the   drive   modulation,   and   measuring 

* Work supported by the U.S. Department of Energy under contract 
DE-AC05-00-OR22725 
*delayen@jlab.oig 

Med P CM, Cavity 2, Pulse Responte, EOHz, 1.3niS, lOMV/m 

Figure 1: Dynamic Lorentz detuning during pulsed 
operation 

simultaneously the phase and amplitude of the frequency 
modulation. 

For cavity 2 we measured the transfer fiinction for the 
two extreme positions of the slow mechanical tuner (Fig. 
2). Subtle but real differences in the responses were 
observed 

Piezo Transfer Function at Two Extremes of Coaree Tuner 
Med P Cryornodule Prototype, Cavity Position 2,3.5 MV/m CW 

.pp^llj 
180 240 300 

Srnusoklal Drive Frequency (Hz) 

Figure 2: Amplitude of the piezo transfer function in 
cavity 2 for the two exfreme positions of the coarse 
mechanical tuner. Blue: 804.612MHz; Red: 805.06 MHz 

The behavior of the piezo tuner transfer function was 
somewhat unexpected and is not, at present, fully 
understood. First, ttie transfer functions of the 3 cavities 
were substantially different one from the other; some 
strong resonances that were present in one cavity were 
absent in others (Fig. 3). Most surprising was the large 
amount of phase shift as the modulation frequency was 
increased; more than 20 n had accumulated at 500 Hz. It 
should be pointed out that the transfer function includes 
the driver amplifier for the piezo, the piezo itself, and the 
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mechanical modes of the cavity.     Separation of the 
various contributions will require further testing. 

Cavity Pos 1, Plezo Transfer Function 

i " 

Cavity Rupora* to Pien. Swapt SlnudoM, Drive AmptHude = 2eVpp 
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SlnuaoUal Drive Frequency (Hz) 

Cavity Position 3, Piezo Transfer Function 
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Figure 3: Phase and amplitude of the piezo transfer 
functions for the 3 cavities. 

A complete transfer function to 3.2 kHz was measured 
for cavity 3 (Fig. 4). Note the continuous accumulation of 
phase shift and the broad peak around 2 kHz. 

PULSED OPERATION OF THE PIEZO 
TUNER 

The length of the rf and piezo pulses are much shorter 
than the period of the dominant mechanical modes so it 
would be expected that the detail of the pulse shape would 
have relatively little effect on the dynamic behavior of the 
cavity frequency. Furthermore the decay time of the 
dominant modes is much larger than the spacing between 

the pulses, thus it would be expected that the cavities 
would be in a perpetual state of "ringing.    This is 

Cavity Position 3, Piezo Transfer Function 

400 «0 520 980 640 700 

Piszo Drive Frequency (Hz) 

Cavity Position 3, Piezo Transfer Function 

800   860   920   980   1040 1100 1160 1220 1260 1340 1400 1460 1520 1580 

Piezo Drive Frequency (Hz) 

Cavity Position 3, Plezo Transfer Function 

1600 1720 1840 1960 2080 2200 2320 2440 2560 2680 2600 2920 3040 3160 

Piezo Drive Frequency (ilz) 

Figure 4: Amplitude and phase of the piezo transfer 
function for cavity 3 from 400 to 3200 Hz. Results up 
to 400 Hz are shown in Fig. 3. 

demonstrated in the following Fig. 5. Cavity 2 was 
operated cw and the piezo tuner was activated at 60 Hz, in 
a similar fashion and amplitude that would be needed to 
compensate for the Lorentz detuning. The response of the 
cavity frequency was relatively insensitive to the rise time 
of the piezo pulse, but it was also essentially periodic. It 
is for this reason that, for the short duration of the rf 
pulse, the piezo pulse can be used to compensate for the 
Lorentz detuning which would have a similar complex, 
but periodic, behavior by carefully adjusting the timing 
between the two. 

1384 



Proceedings of the 2003 Particle Accelerator Conference 

Cavity Position 2 Response to Piezo Pulses at 1.28 ms 
pulse width; 160 usec rise time; 60 Hz 

aoo    0.01     0.02 004       OOS       0.06 

Tinw (Boc) 

OOS       0.09       0.10 

Figure 5: Cavity frequency variation induced by a 60 
Hz excitation of the piezo tuner similar to that which 
would be needed to compensate for the rf-induced 
Lorentz detuning. 

Of concern for use of the piezo tuner to control 
microphonics is the amount of microphonics that it can 
generate during activation. The frequency of cavity 2 was 
measured while activating the piezo tuner with a slow (1 
or 2 Hz) trapezoidal signal with rise time of 0, 5, 10, and 
20 msec. A square wave (0 rise time) generates 
microphonics of the same order of magnitude as the 
steady state displacement it induces; these microphonics 
then decay in about 400 msec (Fig. 6). In order for the 
microphonics to be less than 50 % of the steady state 
displacement, the ramp time of the trapezoidal drive must 
be at least 5 msec. 

Cavity Pos. 2 Piezo Responia, 1Hz Square Wave 
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Figure 6: Cavity frequency response to square-wave 
excitation of the oiezo tuner. 

PIEZO TUNER COMPENSATION OF 
DYNAMIC LORENTZ DETUNING 

The effectiveness of the piezo tuners in compensating 
for the Lorentz detuning is shown in Fig.7. A reduction 
by a factor of 3 was easily achieved. The critical 
parameter was the timing between the rf pulse and the 
piezo pulse. Similar reduction was achieved by changing 
the polarity of the piezo drive signal by adjusting the 
timing. It should be noted that this compensation takes 
place only during the short rf pulse. Although we do not 
have the ability to measure it, it is likely that the cavity 

frequency  undergoes  large  transients between the rf 
pulses. 

Cavity #2810 MV/m, with and without piezo 
compensation 

aoois        0.002 
Time (aec) 

Figure 7: Cavity frequency without (red) and with 
(blue) piezo tuner compensation. Green: energy content 

DISCUSSION 
We have demonstrated a reduction by more than a 

factor of 3 of the dynamic Lorentz detuning of the SNS 
medium-3 prototype cryomodule during pulsed operation. 
While this more than exceeds the SNS requirements 
further reduction is possible with better optimization. 

The transfer function between piezo actuation and 
cavity frequency revealed a complex behavior that varied 
from cavity to cavity. Large-scale use of piezo tuners for 
control of microphonics during cw operation will have to 
include sufficient adaptability and flexibility to 
accommodate this variability. 
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INVESTIGATION INTO THE EFFECTIVENESS OF THE JLAB HIGH 
PRESSURE RINSE SYSTEM* 

J. Mammosse/, T. Rothgeb, T. Wang, A.T. Wu, Jefferson Lab, Newport News, VA 23606, USA 

Abstract 
As part of a study to reduce field emission in 

Superconducting radio frequency cavities, an 
investigation into the effectiveness of the Jefferson Lab's 
High Pressure Rinse (HPR) system is underway. This 
paper describes discoveries from this investigation, the 
procedural changes made during this investigation, 
current vertical test results and fiirther plans for 
improvements and monitoring. 

CAVITY PERFORMANCE ISSUES 
After the vertical dswai qualifying tests on the South 

Linac 21 (SL21) cavity string, an effort was renewed to 
reduce field emission and improve cavity performance. 
Many of the cavities tested for the SL21 string were field 
emission limited. The average gradient for field emission 
onset during vertical tests of these cavities was 8.5 MV/m. 
Testing of these same cavities in the SL21 cryomodule 
showed better performance in both Q-value and gradient, 
with the average field emission onset gradient being 
13 MV/m. Early field emission onset in the vertical tests, 
led to the need to repeat many of the cavity qualification 
tests. The immediate focus for process improvement was 
on the HPR system and the Deionised (DI) water plant 
that supports it. The HPR represents the final cleaning 
step in our assembly process and understanding its effect 
on cavity performance may indicate avenues for further 
improvements. 

JLAB'S PRODUCTION HPR SYSTEM 
Jefferson Lab's production HPR system consists of a 

high-pressure pump (ceramic plunger style) pumping ultra 
pure DI water through a wand, a linear actuator for 
moving the wand, and a rotary table for rotation of the 
cavity. Typical cavity process parameters are: 

Flow rate 
Wand velocity 
Wand motion 
Rotational speed 
Water pressure 
Rinse duration 

18.91/min (5.0 gpm) 
0.3048 m/min (12 in/min) 
Reciprocating 
1 rpm 
8.27 mPa (1200 psi) 
Typically 1 hour 

The spray wand has nine 0.4 mm (0.016") nozzles 
located around the head of the wand. Three of the nozzles 
are pointed up at a 45° angle, three are pointed down at a 
45° angle and the remaining three spray out horizontally. 
The nozzles are aligned vertically and spaced around the 
head 120° apart. The HPR system is contained in a 
cabinet that is located in a Class 100 cleanroom. 
*Work supported by United States Department of Eneigy under 
contract DE-AC05-84ER40150 
#inammosse@jlab.org. 

Figure 1: HPR spray impact path for 30 passes all 9 
nozzles on an SNS medium beta cavity cell. 

A simulated pattern of the HPR spray impact path as 
mapped out on the SNS medium beta cavity cell surface is 
shown in Figure 1. These simulated impact paths for all 
9 nozzles cover approximately 12% of the cavity surface 
per pass. From this pattern it is easy to deduce that the 
impact path of the water yields many areas of light 
coverage on the surface, which miss the direct force of the 
water stream. 

Analysis of Process DI Water Quality 
Water system quality was sampled prior to making any 

changes to the system in order to establish a baseline. 
Two sample locations were used, at the HPR outlet and 
after the final 0.1 ^irn filter at the DI plant. The water was 
tested for bacteria, total oxidizable carbon (TOC), 
dissolved silica, total silica, anions, cations and 68 trace 
elements. Table I compares the results of the tests with 
the original pure water specifications and guidelines (fi-om 
1988) [1]. Only those results that did not meet the 
requirement are shown here. These data show that the 
number of particulates coming out of the HPR was much 
higher than that of the DI plant, and could be a significant 
contributor to poor cavity performance. 

Along with the tests mentioned above, water samples 
were collected for Scanning Electron Microscopy (SEM) 
studies. The results of these tests showed bacteria as well 
as filter media particulates coming from the HPR system. 
The filter in the HPR was comprised of borosilicate glass 
with a 0.2 nm pore size. It was removed and particulates 
from it were analysed. Two sampling ports were added to 
the HPR water path, one just before entering the cavity 
wand (inlet) and a second (drain) to collect rinse water 
draining from the cavity during processing. Samples were 
taken during SNS medium p cavity HP rinses and these 
showed high particle counts on the inlet. Approximately 
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Table 1 - HPR Specifications and Results 

Limit [2] HPR Final 
Filter 

Bacteria Icfu >500 * 

TOC 5ppb * * 

Dissolved 
Silica 

Ippb 16 17 

Total Silica Ippb 15 17 
Chloride 0.02 ppb 0.05 0.07 
Sodium 0.01 ppb 0.85 0.03 
Potassium 0.02 ppb 0.86 * 

Magnesium 0.02 ppb 0.12 * 

Calcium 0.02 ppb 0.42 * 

Barium 0.001 ppb 0.18 * 

Boron 0.05 ppb 4.0 4.4 
Magnesium 0.002 ppb 0.11 * 

Manganese 0.002 ppb 0.006 * 

Nickel 0.004 ppb 0.027 * 

Potassium 0.1 ppb 0.6 * 

Rubidium 0.001 ppb 0.003 * 

Silicon 0.5 ppb 7.6 8.0 
Sodium 0.007 ppb 0.55 0.023 
Strontium 0.001 ppb 0.003 * 

Zinc 0.005 ppb 0.74 * 

300 particulates were counted during a 20-minute sample 
and significantly fewer counts of 83 from the drain 
sample near the beginning of the run and 60 at the inlet, 
near the end of the run. Most of the elements identified 
were also identified in the filter media analysis. Figure 2 
shows the relative amounts of analyzed elements from the 
HPR filter. 

The DI water plant fihers were replaced and the plant 
was sanitized and flushed to kill and remove bacteria. 
Afterwards, a new 0.1 nm membrane HPR filter was 
installed and a 1.5 1/min trickle flow of DI through the 
HPR system was added to reduce bacteria growth in the 
filter media and pump when the system was idle. A laser 
water particle counter was added at the HPR wand inlet 
sample location to monitor particulates during rinses. 
Figure 3 shows the water particle counts during a typical 
cavity HPR after the DI water system was sanitized. 

Particulate Collection and Analysis From 
Cavities 

Particulate samples were collected from cavities that 
showed heavy field emission during vertical tests and 
from vacuum piping and pumps on one of the production 
vertical test stands for comparison to water particulates 
collected. Cavity and vacuum system samples were 
collected using double sided carbon tape by blotting the 
end flange and beam-tube surfaces and bagging in clean 
nylon bags. Figure 4 shows analysis of the particulates 
found in an SNS medium beta cavity after a failed vertical 

test at the beginning of this investigation. Figure 5 shows 
the particulates collected from cavity JL009 after a failed 
vertical test. JL009 test was near the end of the SL21 
qualification testing and before any changes to the DI 
water system. 

Particulates were also collected from the vacuum 
system piping on the vertical test stand and the roughing 
pump was opened and samples collected and analyzed. 
The particles in the cavity samples analyzed showed were 
consistent with those elements found in the water and 
HPR analysis yet there were some that could not be 
explained, such as Au. In the vacuum system many 
particulates had collected in the lower portions of the 
vacuum system piping and consisted of many of the 
elements found in the DI water and HPR analysis. Many 
of the metals that make up the stand components, such as 
Cu, Fe, Cr and Ni were also found. From all the 
particulate analyses it became clear that silicon was 
present in large quantities in the water plant from both the 
HPR and in cavity samples. 

Particulates Collactad From Tha HPR Fllti 

S      Al    Fe    Si   Mo   Ti      F     Cr   Ni   Mg   Cl   Ca     P    Cu   Au   Na    K 

Figure 2. Relative population of HPR filter particulates by 
element. 
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Figure 3. Counts of 0.2 nm sized particles during a typical 
HPR 

PROCESS PROCEDURAL CHANGES 
IMPLEMENTED 

One additional concern was that with only one hour of 
high pressure rinsing, that the cavity surfaces might not be 
cleaned well enough, even if the water system was 
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improved.   The problem with increasing the amount of 
high pressure rinsing was the DI water storage capacity 
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Figure 4. Particulates Collected From MBOl 

and make-up rate, which were only 8000 litres and 
81/min, respectively. This allowed for only a single two- 
hour high pressure rinse per day. A new reverse osmosis 
system was installed to provide a make up rate of 
201/min. Along with doubling the time for cavity rinsing, 
this allowed a second two-hour rinse cycle to be added for 
cavities after they had most of their test hardware 
assembled to the flanges. Only the bottom evacuation 
flange connection was not assembled for the second rinse 
cycle. This second cycle allowed the cavity and the test 
hardware to be cleaned in the same way, and to minimize 
the assembly steps needed for completion of the hermetic 
sealing of the cavity. The cavity is rinsed and dried 
vertically in the HPR cabinet overnight and the bottom 
flange blanked off for removal and assembly of the 
evacuation flange. 

A study into the effect of field emission onset due to the 
location of particulates fi-om the cavity drying position is 
also underway. As part of this study, four of the eight 
cavities for the Free Electron Laser (FEL) string were 
dried horizontally before vertical tests. 

COMPARISON OF FIELD EMISSION 
ONSET FOR SL21 AND FEL3 CAVITIES 
Upon the completion of the FEL3 vertical cavity 

qualification tests, it was apparent that field emission 
onset performance had improved. These cavities are the 
same shape and configuration as those for SL21. The only 
significant difference was changes to the processes used 
and to the facilities. Figure 6 shows that the average 
onset of field emission had increased by 4.3 MV/m for 
FEL3 cavities, but with a larger range. The last four 
cavities that were dried horizontally had the best 
performance, with an average field emission onset of 
17.5 MV/m, and a standard deviation of 1.75MV/m. 

CONCLUSION 
Many changes over the last year have been made to 

both procedures and processing facilities. Some 
improvements to performance are being observed from 

vertical test data. It is however difficult with the present 
limited statistics to determine which changes had the most 
significant impact on performance. Future plans are to 
continue analysis and monitoring of the DI and HPR 
systems and improve the surface coverage of cavities 
during high pressure rinsing by modifying the current 
programs, to come to a better imderstanding of the drying 
process, and to continue tracking vertical test cavity 
performance. 

ACKNOWLEDGEMENTS 
We would like to thank Jim Henry for modelling the 

HPR spray impact path. 

REFERENCES 
[1] T. Meltzer, High-Purity Water Preparation For The 

Semiconductor, Pharmaceutical and Power Industries 
(1997) p.l9. 

[2] S. Schoen Balazs Analytical Services report dated 
September 19,2002. 

Particulates Collected from JLOOg Cavity Surfaces 

€.S 

Si   S   FB   Cl   Ai Ca Cu Au  Ti   Mg   F   Na   K   Cr   P    Ni Mo 

Elements 

Figure 5. Particulates collected fi-om JL009 after a failed 
vertical test. 

FEonsel-FELS     ][H 1 
(QuanSles    )| [Moments    ] 

12.82727 

4.62019 

1.39304 

15.93118 

9.72337 

11.00000 

11.00000 

141.10000 

21.34618 

-0.40856 

-0.86814 

36.01851 

 i<c: j> h Mean 

StdDev 

Std Error Mean 

Upper 95% Mean 

Lower 95% Mean 

N 

Sum Weights 

Sum 

Variance 

Skewness 

Kurtosis 

CV 

.-;;;• -  h- 
1   1   1   1   1   1   1 

5.0       7.5      10.0     12.5     15.0      175     20.0 

FEonset- SL21      ] [►]                                                                                                                                 ] 

— y- 
(ouanuee    J [Moments    ] [F] 

Mean 

StdDev 

Sid Emsr Mean 

UW>er95%Mean 

Lower 95% Mean 

N 

Sum Weights 

8.53000 

3.03939 

0.96114 

10.70427 

6.35573 

10.00000 

10.00000 

H<: i> 

M 1   :.:.: 
■■.:;| 

1        ill     --1 r 
2.5          5.0          7.5        10.0        12.5        15.0 1 

1 
Figure 6. Vertical Test Field Emission Onset Comparison 

1388 



Fig. la. enlarged beam pipe   lb. fluted beam pipe 

Ic. waveguide dampers Id. coaxial beam pipe 

Proceedings of the 2003 Particle Accelerator Conference 

TOWARDS STRONGLY HOM-DAMPED MULTI-CELL RF CAVITIES* 

R. Rimmer*, H. Wang, G. Wu, JLAB, Newport News, VA, USA 
D. Li**, LBNL, Berkeley, CA, USA. 

Abstract 
This paper discusses the prospects for very strong 

HOM damping in multi-cell RF cavities. There has been 
much progress in recent years towards "HOM-free" single- 
cell cavities. Many examples are now operating in high 
current storage rings around the world. There have also 
been successes in broad-band damping of multi-cell 
structures to levels appropriate for linear colliders and low 
average current applications. We describe the use of 
modem simulation tools to explore the potential for 
applying these techniques to multicell structures. Such 
cavities would be useful for high-current, high-power 
applications such as high luminosity collider storage 
rings, damping rings, energy recovered linacs and injector 
systems. These methods may be applicable in to both 
room temperature and superconducting cavities. 

INTRODUCTION 
Strong HOM damping in accelerator RF cavities has 

become increasingly important. Storage rings for light 
sources and colliders now routinely operate with strongly 
HOM damped single-cell cavities. Linear colliders are 
proposed that rely upon large numbers of multi-cell 
cavities with moderate HOM damping. Next generation 
light sources based on energy recovering linacs (ERL's) 
require a combination of high-gradient multi-cell 
structures and strong HOM damping. We study some of 
the factors that influence the ultimate performance of 
multi-cell structures using numerical simulations. 

SIMULATION METHOD 
We used the time domain module in MAFIA with a 

simulated bunch to excite the cavity either on or off axis 
[1]. By recording the wake potential behind the bunch and 
taking a Fourier transform we were able to calculate the 
bioad-band impedance spectrum. We used the waveguide 
boundary condition to terminate the beam pipes and any 
damping apertures. We have not attempted to model the 
small coaxial DESY type couplers with this method. 

BROAD-BAND DAMPING METHODS 
The simplest method of HOM damping is to enlarge the 

beam pipe on one or both sides of the cavity so all 
harmful HOMs may propagate away, figs, la, le, [2]. A 
modification of this is the fluted beam pipe fig. lb, used 
by Cornell [3]. Waveguide dampers in the beam pipe just 
outside the cavity, fig. Ic, have been used in CEBAF [4]. 

le. 2 enlarged beam pipes     If. multiple coaxial loops 

A coaxial insert in the beam pipe, fig. Id, with a choke 
to reject the fundamental mode, has been proposed for 
low-order mode damping in deflecting cavities [5]. Coaxial 
HOM couplers fig. If, are already widely used and can 
give strong coupling if placed appropriately. Normal 
conducting cavities use openings directly into the 
accelerating cells for strong HOM damping but this is not 
normally used for SCRF cavities and is not studied here. 

* This manuscript has been authored by SURA, Inc. under Contract No 
DE-AC05-84ER-40150 with the U.S. Department of Energy. 
** Contract No. DE-AC03-76SF00098 

"' fM^ue^tf^y (Wl) '■'' "= "» ^■'°"°' 
Figure 2. TMon mode with various damping schemes. 
We applied the beam pipe, waveguide and beam-pipe- 

coaxial damping methods to a MAFIA model of a smgle- 
cell 1.5 GHz cavity. Figure 2 shows the calculated spectra 
and table 1 lists the resulting loaded Q's and impedance for 
the strongest monopole HOM (TMoi,). The beam-pipe 
damping on one or both sides or with flutes is very 
effective. The waveguides also give very good dampmg 
and the beam-pipe coaxial load is not far behind. Table 2 
lists the results for the first two dipole HOMs (TE„i, 
TM,io). Strong damping is also evident in all cases. 

0-7803-7738-9/03/$17.00 © 2003 IEEE 1389 
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Table 1. TMm, mode for various damping methods 

fieqMHz 0 R*(Q) R/0(Q) 
b-pipe 2803 252 3001 11.9 

flutes 2803 137 1010 7.3 

wguide 2800 353 5040 14.3 

bp-coax 2783 725 11879 16.4 

2xbp 2822 121 1481 12.2 
*R=VV2P 

Table 2. Dipole modes for various damping methods 

TE,„ 
f,MHz 

TE„, 
0 

TE,„ 
R*, (Q) 

TM„o 
f,MHz 

TM„o 
Q 

TM„o 
R*(Q) 

b-pipe 1853 83 246 2028 130 1567 

flutes 1857 79 239 2029 130 1479 

w-guide 1867 553 1594 2027 1131 14419 

coax 1924 341 1496 2065 502 5150 

2xbp 1830 37 192 2018 53 735 
*R calculated at 25mm offset in the cavity 

MULTI-CELL STRUCTURES 
To study the dependence of dampmg on the number of 

cells we calculated the monopole and dipole spectra with 
from one to seven cells per cavity, with open beam pipes 
on both ends. Figure 3 shows the impedance spectra for 
the TMoii passband. Tables 3 and 4 list the values for the 
strongest peak in each passband. Figures 4 and 5 show 
how the Q and impedance vary with number of cells. The 
strength of the highest mode in each passband increases 
with number of cells slightly faster than linearly. The 
TMoi, and TE,i, mode Q's rise with number of cells, the 
TMiio Q's are higher for even numbers of cells than odd 
numbers, however the impedance climbs monotonically. 

Q. 
E 

J  
B: 
 1  1 J 1 . 

^  7 cells 

z /A 
- - 6 cells 
 5 cells 

- A /A\  4 cells 
G j 

/\\^~^ 
 3 cells 

* A  2 cells 
Z ^^) '\A^^3^ y\;_^  1 cell 

J^ w/^ 
^^^^SSSEEi / Xr~~ :. 

2 .i'^ 

 1— 1 -i 1  

2-7 2-8 2.9 30 , 3.1 3.2K10 frequency (Hz) 
Figure 3. TMoi, passband mode vs # cells 

These results suggest that shorter structures might give 
better overall HOM performance than long ones, however 
the overhead in length from each HOM load or set of loads 
may decrease the average "real-estate"gradient. This might 
be offset by sharing HOM loads and power couplers 
between adjacent cavities in "superstructure" assemblies 
[6]. The maximum number of cells at a given frequency 
may also be influenced by infrastructure consfraints, or 
limits on window or HOM load power. 

Table 3 . Strongest TMn ,, passband mode vs # cells 
#cells fieqMHz 9 R*(Q) R/0(Q) 

1 2822 121 1481 12.2 
2 2848 167 3856 23.0 
3 2860 219 7369 33.7 
4 2866 295 12140 41.1 
5 2870 362 17795 49.1 
6 2873 455 24360 53.5 
7 2876 527 31463 59.7 

*R=V'/2P 
Table 4 . Sfrongest TEiii/TMuo passband modes vs # cells 

#cells 
TE,„ 

f,MHz 
TE„, 

0 
TE,„ 

R*, (Q) 
TM„o 
f,MHz 

TM„o TM„o 
R*(Q) 

1 1830 37 192 2018 53 735 

2 1907 46 569 2101 2641 10103 

3 1940 45 1193 2093 2023 14362 

4 1867 94 1844 2101 4058 29270 

5 1892 121 3232 2097 3233 40923 

6 1910 139 4859 2102 5029 46740 
7 1922 135 6088 2099 4177 72101 

5000- 

4000- 

a 

*R calculated at 25mm offset in the cavity 
J 1 1 i I L 

12 3 4 5 

Figure 4. Loaded Q vs # cells, beam-pipe damping. 

3 pJ 1 1 -I I I——I 

Figure 5. R vs # cells (R at 25mm for dipole modes). 

To study the effect of cell shape and coupling strength 
we compared seven-cell cavities with the original Cornell 
(OC), high gradient (HG) and low loss (LL) cell shapes 
[7]. Figure 6 shows the monopole spectrum, while tables 
6 and 7 list the peak values for the three passbands. The 
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TMon mode response is similar for the OC and HG 
shapes, while the LL peak is lower in frequency but 
similar in amplitude (within about a factor of three). The 
dipole passbands show three distinct spectra and about a 
factor of two spread in amplitude for the TE,i, mode and 
about a factor of four in the TM,io mode. There does not 
appear to be any correlation between HOM strength and 
cell-to-cell coupling in these results. In an operating 
accelerator the exact mode spectrum could make orders of 
magnitude difference in BBU threshold and HOM power, 
so cell profile may be important in this regard. 

— original CEBAF shape 
-•- high-gradient shape 
-  low-loss shape 

frequency (Hz)^'" 
Figure 6.TMon band, OC, HG, LL shapes, 7-cells. 

#cells Fieq,MH2 0 R'(Q) RJO(Q) 
OC 7., 2876 527 31463 59.7 
HG 7 2876 1348 90380 67.0 
LL 7 2629 985 53556 54.4 

OC* 5 2871 707 35453 50.1 
DESY** 4 910 600 
♦waveguide damped. **500 MHz cavity, meas. Q. ^R=V-/2P 

Table 6. TE„|/TM 

OC 

HG 

LL 

OC* 

DESY 

# 
cells 

TE,u 
f,MHzI 

fTEin 

1922 

2014 

2021 

1894 

LUL mode data for multi-cell cavities. 

135 

185 

490 

956 

650 4000 

TE, 
R^ (Q) 

6088 

11359 

14107 

22949 

TM„o TM„J 
f.MHJ ^ 
2099 

2156 

2209 

2103 

716 

4177 

5694 

2071 

3274 

6000 

TM„„ 
R^Q) 

72101 

146409 

39510 

47064 

♦waveguide damped. *R calculated at 25mm offset in cavity. 

EXAMPLES 
Figure 7 shows a five cell structure with waveguide 

damping. The highest peaks in each passband are listed in 
tables 5 & 6 (row 4). The TMo„ peak is about a factor of 
two stronger for the waveguide damped cavity than for the 
beam pipe loaded one (table 3 row 5). For the TEm mode 
(table 4 row 5), the factor is about eight but for the 
strongest dipole (TM„o) mode they are about the same 
The waveguide dampers take up very little beam line space 
compared to the beam pipe loads and can transport HOM 
power to room temperature loads if required. 

Included in tables 5 & 6 are data for a four-cell 500 
MHz DESY cavity damped by three coaxial HOM 
couplers [8]. The TMo,, Q is very similar to the 
waveguide loaded cavity while the TE„i Q is a factor of 
four higher and the TM,io is only up about a factor of 
two. All of these examples are in the range suitable for 
next generation high current ERL's 

Figure 7. Waveguide damped 5-ceIl structure. 

Other factors such as distortion due to tuning and field 
tilt might contribute to higher Q's. Having dampers at 
both ends of the cavity should help. Having 
symmetrically arranged couplers so that no transverse kick 
is imparted to the passing beam is also desirable. 

CONCLUSIONS 
We have shown that strong broad-band HOM coupling 

techniques used on single-cell cavities can plausibly be 
applied to multi-cell cavities. None of the schemes 
described here have been optimized but all show promise. 
The ultimate limit may be the rate at which energy can 
propagate through the cavity. To go significantly further 
we may want to look at more open structures. We would 
like to thank Jacek Sekutowicz for useful discussions on 
this topic. 
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ACTIVE HOMS EXCITATION IN THE FIRST PROTOTYPES OF 
SUPERSTRUCTURE 

J. Sekutowicz, A. Gossel, G. Kreps, DESY, 22603 Hamburg, FRO 
S. Zheng, Tsinghua University, 100084 Beijing, China 

Abstract 
An alternative layout of the TESLA collider [1], based 

on superstructures [2], reduces investment cost for the 
main accelerator due to a much lower number of input 
couplers and resulting from that, a simplification in the 
RF distribution system. In May 2002, two first Nb 
prototypes of the superstructure (PI, P2) were installed 
next to the injector in the TESLA Test Facility linac 
(TTF) at DESY to verify experimentally the predicted 
RF-properties. Part of the experimental program was 
devoted to the damping of Higher Order Modes (HOM). 
Good suppression of HOMs in both prototypes has been 
achieved with HOM couplers based on the coaxial line 
technique [3]. A several methods have been applied to 
measure impedances Z=(R/Q)-Qe« of parasitic modes. We 
report here mainly on results of the active mode excitation 
method and the measurements of HOMs' parameters by 
means of a Network Analyzer, which we performed on 
cold- and on warm prototypes. The other method, HOMs 
excitation by charge modulation, is reported in more 
detail in [4]. 

INTRODUCTION 
The superstructures, chains of superconducting multi- 

cell subunits connected by 112 long tube(s), have been 
proposed as a replacement for the standard 9-cell TESLA 
structures. At present, the 2x9-cell (Fig.l) superstructure 
is seen as the most attractive version, compromising: 
reduction of cost and an improvement of the performance 
and being moderately demanding on the production [5]. 
This version was studied at the time when manufacturing 
of the subunits of the first original 4x7-cell version was 
well advanced. In Fall 2001, the decision was made to 
build, for the test in the TTF linac, two prototypes of a 
2x7-cell superstructure instead of one 4x7-cell prototype. 
The RF-properties of the 2x9-cell and the 2x7-cell 
versions are very similar as confirmed by the HOMDYN 
[6] simulation. The acceleration process of the TESLA 
beam (old or new set of parameters) showed the same, 
very small bunch-to-bunch energy variation for both 
versions [7]. Since the scheme of the HOM suppression 
in both versions is also very similar, we conclude that a 
beam test of the 2x7-cell prototypes will deliver enough 
data to verify the superstructure concept. 

Cold tuner Input coupler' 
Figure 1: 2x9-cells: The left subunit is shovra in He 
vessel with a cold tuner. The right one is shown with only 
one input coupler needed to transfer power to 18 cells. 

Each prototype has three HOM couplers attached to the 
end beam tubes and to the interconnection (Fig. 2). The 
diameter of the interconnecting tubes for all versions of 
the superstructure has been chosen to keep the 
accelerating mode well below the cut-off frequency of the 
tubes. This allowed to avoid heating of HOM couplers 
attached at the interconnecting tubes by the magnetic field 
of the accelerating mode. Although the superstructure is 
made of many cells, the damping is better than for a 
standard multi-cell cavity with the same number of cells, 
since pairs of HOM couplers can suppress parasitic 
modes of much shorter subunits. The attached couplers 
were of the same type as those used for standard 9-cell 
TTF cavities. We should mention here that the 2x9-cell 
version has four cells more than the tested prototypes and 
an additional HOM coupler will be attached at the 
interconnection to compensate for that. Both prototypes 
were examined for the RF-properties of HOMs prior to 
their assembly in the cryomodule. We will show 
examples of the measured results in the next section. The 
discussion here is limited to the dipole modes, since these 
are relevant for the TESLA beam quality. 

|H0M2 

( I I > I > I > I • I > 4 >«■ I : I . I . I > I > I I « 

IHOMI H0M3 

Figure 2: Prototype of 2x7-cell superstructure with three 
attached HOM couplers: H0MKH0M3. 

HOM MEASUREMENTS AT 300 K 

The computed dipoles of the 2x7-cell prototypes, with 
significant (R/Q), are listed in Table 1. When compared 
to the dipoles of a standard 9-cell cavity or to the dipoles 
of 2x9-cell superstructure, the average impedance per cell 
is almost the same. This is why the damping 
specification, Qext ^ lO', for these modes holds for all 
three cases. We have measured frequency, Qext, and if it 
was possible, the field profile and angular orientation of 
both polarizations for each of these modes. The last two 
measurements were performed by means of the 
perturbation method. The frequency change was 
measured vs. the longitudinal position or vs. the angular 
position of a dielectric perturbing bead. In case of many 
modes these measurements were impossible due to very 
strong overlapping of modes and/or difficulty in modes 
excitation. As an example, the measured profiles of one 
polarization of the mode No. 45 are shown in Fig. 3 (PI) 
and in Fig. 4 (P2). The field profile in PI is similar to the 
theoretical one. The energy is stored in both subunits. The 

0-7803-7738-9/03/517.00 © 2003 IEEE 
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Table 1: Computed dipoles, 2x7-cells 
Mode No. f 

[MHz] 
(R/Q) 

[Q/cm^] 

60000 

40000 

11 1717.658 17.0 20000 
12 1722.436 13.9 ¥ 
14 1757.921 12.1 ■g         0 

21 1858.651 5.2 -20000 

24 
45 

1871.893 
2574.259 

10.3 
27.0 

-40000 

47 2641.672 4.4 

actual (R/Q) in this case is well estimated by its computed 
value. Unlike this, for P2, the measured field showed that 
frequencies of subunits differ for this mode and the 
energy is stored in one subunit only. Although this 
happened the damping of a parasitic mode can still be 
provided since HOM couplers are attached at both ends 
of a subunit. This situation is similar to that of a standard 
multi-cell cavity. The actual (R/Q) value is near to its 
computed value for a single 7-cell structure. For these 
measurements we defined an angular orientation of 
dipoles as a direction parallel to the maximum of electric 
field in the x-y plane. In this measurement a dielectric 
bead was moved angularly in the mid plane of a cell 
having maximum stored energy. The measurement was 
done for both subunits in a prototype. For each bead 
position (increment of 30°) we measured the frequency of 
the mode. Fig. 5 shows the result measured for mode No. 
11 (lower polarization) of prototype PI. The angular 
position of the electric field maximum (minimum 
fi-equency) is the same in both subunits. This means that 
coupling between subunits does not cause additional 
angular rotation of the dipole. We observed this, within 
an accuracy of ± 15°, for other modes which have almost 
the same stored energy in both subunits. However, when 
only one subunit has stored energy, the angular position 
of the mode is determined by irregularities of the shape in 
this subunit only. 

1      -^ First Subunit            -*-Second Subunit     | 

^ ̂  ^ 

/ \ \ 

//f~'\\ 1/ '~"A 
\ * '1 r V ^A - ., 

^ 

z 
Figure.3:   Prototype  PI.   Field  profile  of the   lower 
polarization of dipole No. 45, f = 2568.558 [MHz]. 
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Figure 5: The lowest frequency is measured at the angle 
when the perturbing dielectric bead is placed in the 
highest electric field. 

HOM MEASUREMENTS AT 2K 

At first we measured for both cold prototypes, by means 
of Network Analyzers, f and Qext of modes up to 3.2 
GHz. In total, 420 modes have been investigated. This 
data gave us a first estimation of Z and was used to 
identify dipoles, which interaction with the beam should 
be measured by the active excitation method to verify 
their impedance. The sketched setup used for the active 
mode excitation method is shown in Fig. 6. A chosen 
dipole mode was excited via one of the HOM couplers 
with a continuous wave amplifier. Transversal fields of 
the mode caused sweeping of the on axis injected beam, 
whose position was measured by a BPM 15 m 
downstream from the cryomodule. Knowing the RF 
power coupled into the superstructure one can estimate 
the amplitude of the deflection. It depends on this power, 
on the impedance of the mode, on the beam energy and 
on the distance between the structure and the BPM. The 
position of the beam in the BPM also shows angular 
orientation of the mode. One can apply the active method 
to modes which couple well to HOM couplers. Forty 
seven modes were measured in this way. An example of 
measured BPM signals is shovra in Fig. 7a,b. In this 
particular case one polarization of the dipole No. 45 was 
excited with 20 W forward power. The damping of this 
mode was good. Its Qext was 2.1-10" (5 times below the 
spec). We measured the deflection in both planes for 32 
bunches (2 nC) in 32 fis long pulses. Ten consecutive 
pulses are shown in each figure. The strong oscillation of 
the beam position was 

deflected beam 

c^HOM in 

Figure.4:   Prototype  P2.   Field profile  of the  higher 
polarization ofdipole No. 45, f= 2568.471 [MHz]. 

Figure 6: The setup (not in scale) for the active mode 
excitation. PHOM is the forward power delivered by the 
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amplifier. BPM measures position of the beam, both in 
vertical (y) and in horizontal (x) directions. 

observed when the power was applied (Fig. 7b). The 
mode has been tested six times, for various settings of the 
optics and for various HOM couplers used to transfer RF- 
power into the cavity. The computed (Rcomp) and the 
measured deflections are presented in Fig. 8, among these 
values for other modes of prototype PI. The differences 
between computed and measured deflection were mainly 
due to the optics setting and due to direct coupling of a 
part of the RF-power into the beam line [8]. This happens 
for propagating modes when an external HOM coupler is 
used as the input port. Fig. 9 shows the measured 
polarization. Here the differences were due to calibration 
errors of the BPM signals. Nevertheless, the measured 
deflection gave the estimation of Z, which in the worst 
case would be 2 times higher than expected from the 
Network Analyzer measurements; however it still is 
harmless to the TESLA beam. The measured polarization 
showed that this mode, when excited by the accelerated 
beam, will deflect it ahnost horizontally. 

We measured other modes in a similar way, however 
not all showed such a deflection as the mode 45 described 
above. The method still needs further development. All 
applied methods to measure the HOM damping have 

a) 

b) 15 SO 25 30 
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Figure 7: BPM signals without (a) and with (b) the 
excitation of the dipole mode. 
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Figure 8: Computed (Rcomp) and measured amplitudes 
of the deflection for dipole modes of the PI prototype. 
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Figure 9: Normalized position of the deflected beam in 
the x-y-plane. The line shows polarization. 

verified the good suppression of dipoles in both 
prototypes of the superstructure. A summary of the 
measurements is shown in Fig. 10. After the beam test we 
are more convinced that the 2x9-cell version should not 
have a major problem in regard to the HOM damping. 

lE+5 

1600        1900        2200        2500 
f[MHz] 

f [MHz] 
Figure 10: Damping of dipole modes with (R/Q)>lfl/cm^. 
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Abstract 

The future 12 GeV upgrade of CEBAF requires new 
ciyomodules in both linacs to increase the energy gain per 
pass to 1090 MeV [1]. Until recently, the design of new 
cryomodules, which should deliver on average operational 
vohage of 70 MV each, was based on 7-cell 
superconducting cavities that are an extended version of 
the 5-cell structures currently used in the machine. The 5- 
cell cavities were constructed 20 years ago at Cornell 
University (Original Cornell-shape) for the Cornell 
Electron Storage Ring (CESR). The geometry of these 
structures [2] met specifications at the time CESR was 
constructed but is not optimized for the future operation of 
CEBAF. Two improved cavity shapes have been 
proposed. This contribution presents the RF features of 
both new shapes and discusses advantages for the machine 
operation resulting from the improvement. In addition, we 
comment on the measurements on copper models of both 
new cavities and present results of the multipacting 
calculations. 

INTRODUCTION 

High Gradient and Low Loss Shapes 

The High Gradient (HO) shape has been optimized to 
lower the ratio of E^^TE^, keeping in mind that the 
limitation in the performance of superconducting cavities 
is in most cases field emission [3]. This phenomenon 
leads very often to electron showers captured by 
accelerating fields and/or to strong radiation increasing 
cryogenic loss and possibly causing a quench. By 
reducing this ratio one gains in the operational 
accelerating gradient even without any improvements in 
surface cleaning procedures. 

The Low Loss (LL) shape has been optimized to 
increase both the characteristic impedance ((R/Q)) and the 
geometry factor (G) [4]. The improved parameters for this 
cavity result in less stored energy and less wall loss, at a 
given accelerating gradient, compared to the two other 
cavities. The reduced cryogenic load makes the nominal 
operation less expensive and opens the possibility to reach 
higher end energy of CEBAF within an available 
cryogenic budget. 

COMPARISON OF INNER CELLS 

In a multi-cell 6=1 elliptical structure the RF properties 
of the accelerating mode are mainly determined by the 
geometry of the inner cells. The difference in the current 
and the proposed cells' shape can be seen in Fig. 1. Their 
parameters are listed in Table 1. 

Figure 1: Geometry of three inner cells. 

Table 1. Parameters of inner cells 
Parameter oc HG LL 

'^equator [mm] 187.0 180.5 174.0 
0.. ins [mm] 70.0 61.4 53.0 

K [%] 3.29 1.72 1.49 
Ep^/E^ [-] 2.56 1.89 2.17 
B^yE,„ [mT/(MV/m)] 4.56 4.26 3.74 
R/Q ["] 96.5 111.9 128.8 
G [n] 273.8 265.5 280.3 
R/QG [nn] 26422 29709 36103 

Cell-to-cell coupling, kcc 

The LL-shape has the smallest diameter of the equator 
and of the iris. The small aperture increases (R/Q) and G, 
but makes cell-to-cell coupling, kcc, weaker. This 
increases the sensitivity of the field profile of the 
accelerating mode to fi-equency errors of individual cells. 
The measure of the sensitivity is the ratio: N^/(kcc), where 
N is the number of cells in a structure. This ratio, which 
one likes to keep low even if kcc is small, can be in a 

* Work supported by the U.S.DOE under contract No. DE-AC05-84ER40150 
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practical range by reducing the number of cells in a 
cavity. The upgrade cavities will be made of 7 cells. The 
ratio for the three upgrade shapes stays below the value 
for the 9-cell TESLA cavities (kcc = 1.9 %), of which 
almost 60 were manufactured up to now [5]. Their final 
field profile flatness, better than 95 %, was maintained 
without additional technical complications. The large iris 
of the OC cavity makes the coupling unnecessarily large 
causing other of its parameters to become unfavorable. 
The HG-shape is already more progressive here and 
closing the iris results in better (R/Q) and better E^sJ^^ 
of this shape. 

Epeal/Eacc fOtio 

Shape optimization v^dth respect to this parameter is 
very important if cavities are operated at high gradients. 
However, when final preparation of the superconducting 
surface and the assembly in cryostat are properly done, 
the emission phenomena and the resulting radiation can be 
eliminated to a large degree. The design accelerating 
gradient for the upgrade has been set to Eacc = 20 MV/m 
and Qo = 8-10' at 2 K. The nominal gradient needed to 
reach 12 GeV of the end energy (with all cavities on) is 
E„=17.7 MV/m. The possible operation of new cavities at 
higher accelerating field is Umited by the cryogenic load 
budget. The maximum possible gradient is 18.3 MV/m, 
19.3 MV/m and 21.3 MV/m for 0C-, HG- and LL-shape 
respectively. Thus the maximum possible Epeak is limited 
to: 47 MV/m for the CX:-shape, 36 MV/m for the HG- 
shape and 46 MV/m the for LL-shape. All shapes stay 
well below technically possible achievements, 
demonstrated for example, by many multi-cell TESLA 
cavities and many tests of single cell cavities worldwide. 

Bpeai/Eacc ratio 

Defects (e.g. residual Ta or embedded impurities) in the 
Nb surface can limit cavity performance and usually lead 
to quenches. It has been demonstrated that an additional 
chemical treatment or mechanical grinding which 
removes defects in the material can be a remedy to reach 
higher E^. Local heating in the defect which eventually 
causes a quench, is proportional to its size, its surface 
resistance and the square of the local magnetic field. 
Therefore it is obvious, that for the same material quality 
and at a given gradient, cavities with lower magnetic field 
at the wall are favorable. The potential gain in E^„ offered 
by the LL-shape as compared to the OC-shape and to the 
HG-shape is 22 % and 14 % respectively. However for the 
limitation in gradient discussed above, B^^ of all shapes 
remains below 85 mT, a value routinely reached in tests of 
various Nb cavities. 

(R/Q) and geometric factor G 

As already mentioned, (R/Q) and G determine the wall 
loss P^. When the surface resistance (Rs) and the 
gradient are given increasing the product (R/Q)-G makes 
the wall loss lower: 

Pw.n=Rs-(E^-L„„)V(G-(R/Q)) 
where L„„ is the length of a cell. The LL-shape has the 
smallest wall loss.  The loss of the OC-shape and of the 
HG-shape is higher by 35 % and 21 %, respectively. 

The second advantage of an increased (R/Q) is a lower 
value of the matched Q„, and thus a widening of the 
resonance width. This makes the cavity less sensitive to 
microphonics. 

7-CELL CAVITIES 

Accelerating mode 

Table 2 shows (R/Q) values for all three 7-cell cavities 
and their parameters for the nominal operation. The value 
of the matched quality factor, Qn^tched. is computed for the 
total beam current of 460 /iA but without microphonics. 
The last row gives the optimized quality factor 
Qmicrophonics- It minimizes additional RF power needed to 
compensate for the maximum expected fi-equency 
mismatch of 25 Hz which may result from the 
microphonics and the resolution of a cold tuner [6]. 

Table 2. (R/Q) and parameters at E„= 17.7 MV/m. 

 Parameters OC       HG        LL 

[n]      678       773 877 R/Q 

Qo 8-10'   7.8-10' 8.3-10' 

Dynamic RF-loss at2K [W] 28 25 21 

Epeak                         [MV/m] 45 33 38 

[mT] 81 75 66 

[10'] 4.0 3.5 3.1 
[10''] 1.6 1.5 1.4 

B peak 

vcmatched 

vcmicrophonics 

The multipacting phenomenon can limit the performance 
of superconducting cavities. Both new shapes have been 
examined for this phenomenon with codes used at DESY, 
MSU and at INFN Genoa. All three codes proved that 
both shapes can be safely operated at gradients as high as 
25 MV/m with no danger of multipacting. We will verify 
this result very soon with the first Nb prototypes of both 
new cavities. 

Damping ofHOMs 

Dipole modes can degrade the quality of the CEBAF 
beam. Computed dipoles with high (R/Q) of both new 
cavities are listed in Table 3. The required suppression of 
these modes was computed with the help of the TDBBU 
code [7]. The results confirmed that the previous 
specification, Qext<l-10*, as computed for the OC shape 
[8] holds for the new cavities also. The new cavities will 
have four HOM couplers, two at each beam tube (see Fig. 
2). The couplers are based on the coaxial line technique 
and are similar to those used for the TTF cavities [9]. We 
tested this suppression scheme on copper models of new 
cavities. The results are shown in Fig. 3 
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Table 3. Dipoles of new cavities. 
HG LL 

No. f 
[MHz] 

R/Q 
[n/cm^l 

f 
[MHz] 

R/Q 
[Ci/CTTl] 

1 1980.27 15.9 1978.94 6.8 

2 2017.60 15.2 2013.55 10.1 

3 2060.48 3.0 2136.47 2.6 

4 2143.71 4.1 2170.61 7.2 

5 2150.87 7.5 2191.31 15.1 

6 2155.11 1.9 2207.37 8.2 

7 3004.67 18.9 2893.92 38.1 

8 2900.13 4.0 

9 2911.06 2.8 

HOM couplers 

Figure 2: Nb prototype of HG cavity with four HOM 
couplers. 
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Figure 3: HG cavity. Measured damping of dipoles. 

1000000 

100000 

c [nimirriirrfp 
CN Tf ,—. ^^ t^ Tt ^ ^_ 
l^ O CTN 

(S r4 (N 
00 

(N 
ON 

f [MHz] 

Figure 4: LL cavity. Measured damping of dipoles. 

and Fig. 4 for the HG- and the LL-cavity respectively. 
The LL cavity has weaker cell-to-cell coupling for the 
parasitic modes than the HG cavity. Their field profile are 
more sensitive to imperfection in shape and, in case of 
propagating modes, to the frequency of a neighboring 
cavity. We have investigated the damping of the 
propagating dipole No. 7 of LL cavity vs. various 
standing wave patterns in the interconnecting tube [10]. 
Except for the one case, when the frequency and the 
polarization of both cavities were exactly the same, we 
could still obtain enough damping of this mode. The 
unfavorable situation is very improbable and no special 
means have been undertaken to avoid this situation [11]. 

SUMIMARY 
Two new cavity designs with improved properties have 

been completed for the CEBAF upgrade. A prototype of 
each has been manufactured and will be tested in the near 
future. The design of new test cryomodule, housing four 
cavities of each type, is in progress [12]. We are planing 
to perform the beam test to verify RF properties of the 
proposed cavities in 2004. 
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FIELD EMISSION STUDIES FROM NB SURFACES RELEVANT TO SRF 
CAVITIES* 

T. Wang', C. Reece, R. Sundelin, Jefferson Lab, Newport News, VA 23606, USA 

Abstract 
Enhanced field emission (EFE) presents the main 

impediment to higher acceleration gradients in 
superconducting rf (SRF) niobium (Nb) cavities for 
particle accelerators. A scanning field emission 
microscope was built at Jefferson Lab with the main 
objective of systematically investigating the sources of 
EFE from Nb surfaces. Various surface preparation 
techniques and procedures, including chemical etching, 
electropolishing, ultrasonic water rinse, high pressure 
water rinse, air-dry after methanol rinse, air-(ky after 
water rinse in Class 10 cleanroom, were investigated. The 
capability and process variables for broad-area Nb 
surfaces to consistently reach field emission free or near 
field emission free performance at -140 MV/m have been 
experimentally demonstrated using the above 
techniques/procedures. 

INTRODUCTION 
Enhanced field emission is a fundamental limitation in 

a wide range of high-voltage vacuum devices, for 
instance, x-ray tubes, electron microscopes, power 
vacuum switches, klystrons, and high-field SRF Nb 
resonators for particle accelerators [1][2][3]. When 
electrons tunnel through the surface barrier of a metal into 
a vacuum under a high electric field, field emission of 
electrons occurs. This emission was explained by Fowler 
and Nordheim in terms of a quantum mechanical 
tunneling effect in 1928 [4][5]. The result is the so-called 
Fowler-Nordheim (F-N) law: 

3 

y = -^xexp(—^), (1) 

with A = 1.54x10 , B = 6.83x10 , current density j in 
A/cm , electric field E in V/cm, and work function ^ in 
eV. In practice, FE current is measured at fields much 
lower than that described by the F-N law, and this 
phenomenon is termed enhanced field emission. In order 
to interpret EFE, a field enhancement factor P (> 1) is 
introduced and usually leads to a good approximation by 
the modified F-N law [6] [7]. 

Focusing on the material used for SRF cavities, Nb, and 
other relevant material, a number of institutions have 
conducted research in FE [8][9][10][11]. Their results 
show that EFE sources are localized micron or submicron 
sites that appear to be particles or scratches. Most emitters 
contain foreign elements, although the types of elements 
differ. The density of emission sites varies significantly 
on samples, possibly due to nonstandard preparation and 

*Woric supported by the U.S. Department of Energy, Contract No. DE- 
AC05-84ER40150. 
*tong@jlab.org 

handling procedures. Lack of consistency in FE 
performance is also the dominant problem in current SRF 
cavities. The University of Wuppertal's findings suggest 
that emitter density increases with material bulk impurity 
content [12], however, all of their localized emitters were 
particles containing Nb and Fe. Aimed at addressing some 
of the above issues, this work was undertaken with the 
objectives of estabUshing a standard preparation 
procedure for maximal and consistent suppression of FE, 
and investigating the intrinsic FE limit imposed by grain 
boundary and material bulk impurity in currently 
employed Nb. As a result, FE sources from Nb were 
investigated with respect to a variety of preparation 
techniques, i.e., chemical etching, electropoUshing, 
ultrasonic water rinse, high pressure water rinse, with and 
without methanol rinse before air-dry. 

EXPERIMENTAL APPARATUS AND 
PROCEDURES 

We designed and built an apparatus to scan and locate 
FE sources on material surfaces, named a scanning field 
emission microscope (SFEM). The detail of the apparatus 
was previously described by the authors [13]. The SFEM 
is a UHV device (-10"' Torr), attached to an existing 
Amray scanning electron microscope (SEM 1830) with a 
nominal resolution of several nm. Samples are loaded via 
the SEM, and can be transferred under vacuum to other 
chambers. Within the SFEM chamber, samples slightly 
larger than 25-mm diameter can be moved in Cartesian x, 
y, and z directions under an anode tip by a high-precision 
sample manipulator (resolution: 2.5 jxm). An anode of 150 
lim radius (cylindrical tip) and anodes of 10- and l-|xm tip 
curvature radius (paraboloid shaped) can be selected for 
coarse, medium, and fine scans. After emitters are 
accurately located by the SFEM, the sample is transferred 
to the SEM and emitters are then relocated with the aid of 
artificial markings on surface for emitter characterization. 
The SEM is equipped with an energy dispersive x-ray 
spectrometer (EDS) capable of windowless operation for 
light-element sensitivity. The apparatus is located in a 
Class 1000 cleanroom to reduce the risk of contamination. 

The electronic circuit for the experiment is illustrated in 
Figure 1. The high-voltage power supply is controlled by 
a computer to output a voltage ramp from 0 up to 40 kV 
in steps of 4-200 V, until a FE current threshold, usually 
set at 1-2 nA, is detected by a picoammeter. Hence, 
detection of both strong and weak emitters is 
accomplished in a single scan, the gap between the anode 
tip and the sample is usually set at 100-200 [xm, with the 
accuracy maintained at ± 10 |a,m. At an individual 
emission  center,  the  gap  and  electric  field  can  be 

0-7803-7738-9/03/$17.00 © 2003 IEEE 1398 



Proceedings of the 2003 Particle Accelerator Conference 

calibrated,   and  field  enhancement  factor  P can  be 
extracted [13][14]. 

FE FROM CHEMICALLY ETCHED AND 
ELECTROPOLISHED NB 

In the same manner as is done with Nb cavities, a 
number of Nb samples made from high-purity sheets (as 
used in SRF cavities, RRR~300, where RRR is the ratio 
of resistance at room temperature to that at low 
temperature (normal state)), were chemically-etched by 
BCP (buffered chemical polish, HF (49%):HN03 (69%) 
:H3P04(85%)=1:1:I) to remove the machining-damaged 
layer. To remove acid residue and particles on samples, 
ultrasonic cleaning in deionized water was performed in a 
Class 1000 cleanroom immediately following BCP. The 
samples were then methanol (electronic grade) rinsed to 
displace water from the surface before being placed on a 
filtered laminar-flow bench in the cleanroom for a few 
minutes to dry. 

More than 20 samples were studied, and they exhibited 
inconsistent FE performance and often a large number of 
FE sites [14]. Through trial and error, the preparation and 
handling procedure was significantly modified. The 
performances from the final set of samples are illustrated 
in Table 1, with a consistent 0 or near 0 emitter density 
achieved at -140 MV/m. The emitters identified in this 
series of tests are all external particles. SEM picture of a 
selected emitter is shown in Figure 2. The established 
procedures, as listed below, proved critical in achieving 
the final results. 

• Material inspection: choose Nb sheet free of 
scratches and pits using examination lens. 

• Sample machining: use a designated clean area, 
use only plastic fixtures to minimize surface 
damage, change machine tools frequently to avoid 
embedding impurities from dull tools. 

• BCP: avoid any contact with sample surfaces 
during BCP' and sample removal from bath. 
Stirring of the acid is often necessary. 

• Rinse and transfer: avoid any contact with the 
surface. Frequently replacing water during 
ultrasonic cleaning may be necessary. Minimize air 
exposure in Class 1000 cleanroom after drying. 

HV supply   °- 
40 kV 

35 Mn 
-I        I- 

100 G£2 
-I I— 

999 
MQ 

PC 
w/DAQ 

0.2 MQ 

Anode 

Sample 

Circuit 
regulator 

Picoaitimeter 

Figure 1: Experimental circuit diagram. 

Table 1: FE results at -140 MV/m scanning field from the 
final set of BCP-etched samples. (Indicated fields are the 
fields that yield 2-nA FE current. The scan area for each 
sample is 25-nim diam. #75-2 (300 \xm), for instance, is 
for sample #75 after the 2nd surface removal, and the 
combined removal is 300 ^m.) 

Tests No. of field emitters 
#75-1(250 \x.m) 1 [35 MV/m (Nb, Fe, Ti, Ca)] 
#75-2(300 M,m)     2 [99 MV/m (Nb), 103 MV/m (Nb)] 
#72-1(250 |.im) 0 
#72-2(300 jxm) 0 
#76-1(250 M,m) 0 
#81-1(200 |.im) 0 
#83-1(200 nm) 0 

Another set of samples was BCP-etched, and then 
electropolished to remove an additional -40 (xm from the 
surface. The electropolishing (EP) method developed by 
Siemens, often used for Nb cavities [15], is used here for 
samples. The electrolyte formula consists of 850-ml 
sulfuric acid (96%) and 100-ml hydrofluoric acid (40%). 
Rinse and drying was done in the same way as previously 
described. Table 2 shows the FE scan results. Compared 
to the surface conditions obtained by BCP, the resulting 
Nb surface is very smooth at grain boundaries [16]. The 
only emitter found in these tests, which caused a vacuum 
microdischarge, is an external particle containing Nb, Fe, 
and Cr. Its SEM picture is shown in Figure 2. As with 

Figure 2: SEM photographs of emitters. Top: #75-1 (site 
1), BCP-etched, containing Nb, Fe, Ti, Ca, E=35 MV/m. 
Bottom: #65-4, electropolished, containing Nb, Fe, Cr, 
E=105 MV/m. The craters are caused by microdischarge. 
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Table 2: FE results at -140 MV/m scanning field from 
electropolished samples. 

Tests No. of field emitters 
#65-4 (440 nm by 

BCP + 40nmbyEP) 
#61-1 (330 Jim by 

BCP + 40nmbyEP) 
#63-3 (410 nm by 

BCP + 40nmbyEP) 

1 
[105 MV/m (Nb, Fe, Cr)] 

0 

0 

BCP-processed samples, this emitter may have been a 
contaminant deposited from stainless-steel machining 
tools based on its composition. Other possible sources for 
the remaining emitters are dust particles from inside the 
vacuum chamber and airborne dust particles in the 
cleanroom. The emitter density is similar for BCP and 
electropolished samples, and no difference caused by 
chemistry has been observed. An intrinsic FE limit 
imposed by grain boundary or native material impurity 
has not been observed up to 140 MV/m. 

EFFECT OF DRYING PROCESSES 
For cavities, different labs have employed various 

approaches for drying after standard processing, e.g., 
using filtered N2 gas to blow dry, pumping out the vapor 
while applying heat, air-drying at Class 10 cleanroom 
vfith or without methanol/ethanol rinse. Among them, air- 
drying without methanol/ethanol rinse raised the concern 
that water may attract dust, react with residual chemicals, 
produce acid by dissolving carbon dioxide from air and 
cause corrosion, any of which could create FE sites. 
Therefore, a comparative study was done to investigate 
the effect. Three samples were BCP-etched, ultrasonically 
rinsed (UR), then methanol rinsed (MR) as previously 
described and then scanned for FE. Subsequently they 
were subject to high pressure water rinse (HPR)[17] 
before methanol rinse and a short air-drying in Class 10 
cleanroom. Finally they were high pressure rinsed again 
and placed in Class 10 for an extended period without 
methanol rinse. The results, as shown in Table 3, 
indicated that no significant degradation in FE is observed 
by slow air-drying in Class 10, provided the time duration 
can be controlled to be as short as possible. However, this 
conclusion is not expected to be applicable to a less clean 
environment, for instance Class 1000 or even Class 100, 
due to airborne dust. EDS didn't detect any foreign 
elements at these micron sites possibly due to its 
relatively large probing depth of several |j,m. 

Table 3: Number of FE and microdischarge sites 
identified by 140 MV/m scan for study of drying 
processes. 

Samples    UR+MR   HPR+MR HPR+ n hrs. in 
Class 10 

#71 N/A 0 
#72 1 0 
#84 1 2 

1 (67 hrs.) 
1 (67 hrs.) 
4 (90 hrs.) 

SUMMARY 
We have observed no significant difference in FE 

performance from BCP-etched and electropolished Nb 
samples, nor an intrinsic FE limit imposed by grain 
boundary or native material bulk impurity, up to 140 
MV/m. Minimizing FE lies in minimizing contamination 
to Nb throughout the machining, chemistry and handling 
processes, as illustrated by this work. Extended air-drying 
in Class 10 cleanroom without methanol rinse didn't 
significantly degrade FE performance, however, this 
conclusion may not be applicable to a less clean 
environment. 
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NIOBIUM THIN FILM PROPERTIES AFFECTED BY DEPOSITION 
ENERGY DURING VACUUM DEPOSITION 

G. Wu^ L. Phillips, R. Sundelin, A-M. Valente 
Jefferson Lab*, 12000 Jefferson Avenue, Newport News, VA 23606, USA 

Abstract 
In order to understand and improve the super- 

conducting performance of niobium thin films at 
cryogenic temperatures, an energetic vacuum deposition 
system has been developed to study deposition energy 
effects on the properties of niobium thin films on various 
substrates. Ultra high vacuimi avoids the gaseous 
inclusions in thin films commonly seen in sputtering 
deposition. A retarding field energy analyzer is used to 
measure the kinetic energy of niobium ions at the 
substrate location. A biased substrate holder controls the 
deposition energy. Transition temperature and residual 
resistivity ratio (RRR) of the niobium thin films at several 
deposition energies are obtained together with crystal 
orientation measurements and atomic force microscope 
(AFM) inspection, and the results show that there exists a 
preferred deposition energy around 115eV (the average 
deposition energy 64 eV plus the 51 V bias voltage). 

INTRODUCTION 
The successful running of LEP2 using a Nb/Cu 

technique demonstrated the significant advantages of 
niobium thin film technology in particle accelerators [1]. 
Due to the huge cost savings, a future accelerator for 
muon/neutrino physics calls for accelerating structures 
made using thin film technology [2]. While the 
advantages of a thin film cavity make it very attractive to 
future accelerator applications, the current magnetron 
sputtered Nb/Cu cavity has much lower Q value 
comparing to solid niobium cavities at higher field, [3] 
which limits the broader adoption for particle 
accelerators. 

Different processes are being tried to improve niobium 
thin films, including post-deposition laser annealing [4], 
DC post-magnetron sputtering deposition [5], biased DC 
magnetron sputtering [6] and vacuum arc deposition [7- 
8]. 

For the aspect of thin film growth, the higher surface 
adatom mobility [9] and the vacuum condition are 
believed helpful to get better film quality as required for 
superconducting material like niobium. For a niobium 
thin film on a copper substrate, increasing the substrate 
temperature is not an option to achieve greater surface 
adatom mobility. Some processes such as ion-assisted 
deposition, biased magnetron sputtering, ionized 
magnetron   sputtering,   vacuum   arc   deposition   and 

* Work performed under DOE Contract #DEAC0584ER40150 
Electronic mail: genfa@jlab.org 

energetic cluster deposition, are expected to have higher 
impact energy during film grovt^th, thus increasing the 
surface adatom mobility. These techniques either require 
a working gas or entail risk of microparticle 
contamination and lack good control of the deposition 
energy. 

To take advantage of the high vacuum condition and 
the capability of controllable deposition energy, the 
electron cyclotron resonance (ECR) plasma metal ion 
source is selected as an energetic deposition system to 
study the niobium thin film deposition at different 
deposition energies. To better control the substrate 
quality, sapphire substrate is used for most of the fihns. 
For niobium thin films deposited at different energies, 
transition temperature and residual resistivity ratio (RRR) 
are measured. Crystal orientation is checkai through X- 
ray diffraction and film surfaces are inspected by an 
Atomic Force Microscope (AFM). 

THE ENERGETIC DEPOSITION SYSTEM 
The metal ion source can be achieved by applying ECR 

to an evaporated or sputtered metal flux [10-11]. To 
generate refractory metal ions such as niobium inside a 
vacuum condition, a thermionic electron gun is used to 
create the neutral niobium flux, and an ECR chamber is 
used to convert the neutral niobium atoms to niobium 
plasma. The energetic niobium ions are extracted to a 
biased substrate [12]. The niobiimi ion energy distribution 
under certain plasma conditions is measured by a 
retarding field energy analyzer at the substrate location. 
The result is shown in figure 1. 

The vacuum pressure before the deposition is as low as 
9.0x10"* torr, changes to 1.0x10"* torr during the fihn 
deposition in the vacuum chamber and will be 
significantly lower in the ECR chamber. The majority of 
the residual gas is hydrogen. The deposition rate averaged 
4A/s. 

TRANSITION TEMPERATURE 
MEASURED BY AC INDUCTION 

The transition temperature is obtained through magnetic 
shielding ability measured by the AC induction method. 
Care has been taken to minimize the edge effect and the 
driven signal is at low voltage magnitude as shown in 
figure 2 (2 volts over 100 O. current limiting resistor). 

The transition temperature for films deposited at 
different bias voltages are shown in figure 3. The 
transition width result is shown in figure 4. 
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Ion Analyzer in Nb Plasma with Zero Bias Voltage 
JTc VS. Bias Voltage 

Fig. 1: The ion energy analyzer measxu-ement result for 
niobium ions at the substrate without bias voltage 

Superconducting Transition 
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Fig. 2: Tc curve measured by an induction coil set with 
different driving signal voltage levels. 

Tc vs. Bias Voltage 
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Fig. 3: Bias voltage effect on transition temperature, 
measured by an inductive method. Substrate is A-cut 

sapphire unless noted otherwise. 
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Fig. 4: Bias voltage effect on transition width. Substrate 
is A-cut sapphire unless noted otherwise. 

RRR 
The RRR value has been measured with a four-point 

resistive method and is defined as the ratio of resistivity at 
300 Kelvin to the resistivity at 10 Kelvin. Table 1 shows 
the RRR result together with the film thickness. The 
lowered RRR values are likely caused by the increased 
electron resistance by electron boundary scattering in 
those very thin films [13]. 

Table 1: RRR and thickness for different films 

Film batch started with 
bias voltage number RRR Thickness (nm) 

02-SA 2.31 68.2 

25-SA 6.8 126 

51-SA 2 74.1 

51-SA 50.2 235 

72-SA 26.7 181 

100-SA 4 79 

X-RAY DIFFRACTION AND AFM 
SURFACE INSPECTION 

X-ray diffraction has been used on the films. The full 
width of half magnitude (FWHM) value of the diffraction 
signal for the Nb-110 crystal plane is shown in table 2. 

Table 2. Crystal orientation spread by X-ray diffraction 

Film batch started with 
bias voltage number 

Angle FWHM value of 
X-ray diffraction signal 

02-SA 10-15 

25-SA 3-4 

51-SA <1 

72-SA 5-6 

100-SA 5 
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The fihn deposited at negative 51V substrate bias was 
checked by an AFM. The surface morphology shows 
unusually long narrow grains compared with the round 
dome-shaped grains seen in films at lower substrate bias 
voltage. 

CONCLUSION 
From the resuhs shown in this report, it is concluded 

that a reasonably high RRR niobium thin film with 
excellent superconducting transition temperature and 
width can be achieved through controlled energy 
deposition in high vacuum. The RRR appears to be more 
closely related to the film thickness than to the deposition 
energy. Deposition energy around 115 eV is believed to 
be the preferred value based on the transition width, the 
crystal orientation spread, and the AFM results. The AFM 
surface inspection shows that the surface morphology is 
affected by the ion impact energy. The X-ray diffraction 
analysis shows the niobiimi thin film has a preferred 
crystal orientation when deposited on sapphire. 

Fig. 5: Long continuous grains of niobium film on 
sapphire deposited at negative 51 V substrate bias. 
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RF CONTROL SYSTEM FOR ISACII SUPERCONDUCTING CAVITIES 

K. Fong, S. Fang, M. Laverty, TRIUMF, Canada, 
Q. Zheng, IMP, China 

Abstract 
The RF Control system for the superconducting cavities 

of the ISAC II project is a hybrid analogue/digital system. 
Each system consists of a self-excited feedback loop with 
phase-locked loops for phase and frequency stabilization. 
Amplitude and phase regulation, as well as tuning control, 
are performed using digital signal processors. Special 
pulsing circuitry is incorporated into the system for fast 
punching through multipactoring. This paper describes 
the RF control system, the characteristics of the feedback 
loops, and the experience gained in operating this system. 

INTRODUCTION 
The design of the RF system is based on a self-excited 

oscillating loop, where the self-excited frequency is 
determined solely by the loop phase. The system 
oscillates at a frequency that results in a loop phase that is 
an integer multiple of 360°. This frequency is locked to 
an external reference by regulating the phase shift within 
the self-excited loop. The system is operated at a 
coupling strength of approximately 100 to have a 
manageable bandwidth. The phase difference between the 
input and output of the cavity is used to drive a 
mechanical tuner to minimize the drive power required. 

RF CONTROL SYSTEM 
A block diagram of the RF control system is presented 

in Fig. 1. The system consists of two main parts: The first 
is the RF Module, where the RF signal is processed and 
converted into baseband. The second is the DSP Module, 
where the baseband signal is converted into digital form 
and processed by a Digital Signal Processor, then re- 
converted back into analogue form for modulation of the 
RF module. Up to 4 pairs of modules can be housed in a 
C-size VXI mainframe, which is controlled by a PC via an 
IEEE 1394 interface. 

System Hardware 

The RF control system hardware consists of a rack 
mounted PC, a VXI slot zero control module, the RF 
Module, and the DSP Module housed in a VXI 
mainframe. These function together to provide three main 
regulation loops: the amplitude loop, the quadrature 
phase/frequency loop, and the tuning loop. The primary 
amplitude detector is a synchronous demodulator, in 
which an internal PLL supplies an amplitude-stabilized 
reference to be multiplied with the RF input. The product 
is filtered, sampled and digitized at 40 k samples/sec and 
processed by a Motorola DSP56002 DSP. A lower than 
normal sampling rate is used because of the long time 
constant of the cavity when it is superconducting. The 
DSP is configured as a Proportional-Integral controller. 

providing amplitude regulation. The internal PLL output 
is also compared with an external master frequency 
source using a square wave phase/frequency detector from 
Analog Devices (AD9901). A different channel of the 
same DSP processes this phase error. The output of this 
channel is used to control the quadrature part of the 
amplifier output, providing phase regulation. Another 
phase detector measures the phase lag of the cavity. An 
edge-triggered JK flip-flop, which is constructed out of 8 
ECL NAND gates, is used for this purpose. The phase 
shift is processed by a separate DSP to drive the 
mechanical tuner and keep the cavity in tune with the 
extemal master frequency. The complete tuning system is 
described in another paper[l]. 

Fre3 ISAC II RF Control Block Diagram 
Module Phase Module HM.';:;':., 

Type 3 Fieq/PiMM cJ««tor 

(M) 

 J._ 
I 

I I  lilJtitJ^ifhip 

[   izi\: 

Figure 1. Block Diagram of RF Control 

During pulsing on power-up, the phase detector in the 
internal PLL is disconnected from the VCO. The VCO is 
then driven directly by a voltage source so that the output 
frequency matches the resonant frequency of the cavity. 
This frequency is pulsed by hardware with a pulse width 
of 256 \xs, and a period of 35 ms. The coupling loop is 
moved inward to lower the loaded Q in order to decrease 
the rise time of the voltage. A Schottky diode detector 
provides fast cavity voltage detection. When the cavity 
voltage rises above the multipactoring threshold, the diode 
detector enables the PLL and switches the system into 
CW mode automatically, as illustrated in Fig. 2. 

A rack-mounted PC provides supervisory control and 
data acquisition. Communication between the PC and the 
VXI mainframe is done via a FireWire (IEEE 1394) 
interface. A National Instruments GPIB interface card 
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enables the PC to act as a controller for other GPIB- 
enabled instrumentation, including a frequency counter, a 
RF power meter and a digital oscilloscope. 

C—    M -^ 

Tif- Vo',:.ic}c Di^hici 

Figure 2. Power-up sequence 

System Software 

There are three main functions of the system software: 
• Control of the superconducting cavity. 
• Data acquisition and calculation. 
• Communication with the central control system. 

The control system can be sub-divided into supervisory 
tasks and online feedback control. Supervisory tasks, 
which require low signal bandwidth but relatively 
complex decision logic, are performed with the 
rackmount PC. The supervisory PC performs the tasks of 
setting feedback loop parameters, local status display, and 
communication with the EPICS-based master control 
system. These high level controls are written using 32 bit 
C++ with Windows API's. 

The low-level feedback control requires higher signal 
bandwidth and is performed with DSPs and FPLAs. The 
DSPs perform digital filtering, open and closed loop 
regulation, output limiting, low-level decision making as 
well as exchanges of status information with the 
supervisory PC. For speed and compactness this software 
is hand coded in assembler. This code is stored in flash 
EEPROM, and can be changed remotely. Other logic 
functions that require still faster response are performed 
with FPLA's. These include power-up sequencing and 
fault-detection. 

Communication between the PC and the central control 
system is done via an EPICs IOC server running in the 
same PC. 

SYSTEM MODEL 
Using a similar method as in [2], but ignoring beam 

loading and assuming perfect alignment in static loop 
phase, we get a transfer function representation of the 
system: 

'5V 

SSI 
where 

a. 5v„ (1) 

l + TS 
1 

G,„=0, 

Q 

V,T V,. (l-i-w) 

22 
T — is the time constant of the cavity. 

Q = OJ - £0^ is the detuning of the cavity, 

with y is the voltage transformation ratio, 6)^ the natural 

resonance frequency of the cavity and Q the loaded 
cavity quality factor. Eq. 1 states that while the cavity 
voltage is a simple lag response to the input voltage, the 
cavity frequency varies instantaneously to the input phase. 

FaGaa 

1/s F() GtM 

1 /s Fp Gta Fa Gato 

FtGu 

-FtGu 

Amplitude regulation loop 

Quadrature loop 

Cross talk due to misalignment 

Tuning loop 

Tuning loop 

Figure 3. Signal Flow Graph of the Amplitude, Phase 
and Tuning Loops 

Eq.  1  is used to form the signal flow graph of the 
complete RF control system in Fig. 3, where F^ , F. and 

F,are the ampUtude,  quadrature and tuner feedback 
coefficients,   respectively.       Also   the   sensitivity   of 
frequency to tuner movement is given by 

dx 
and depends only on the geometries of the cavity and the 
tuning mechanism. From the figure, since the phase-to- 
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(3) 

(4) 

(5) 

amplitude cross coupling term  G,^, drawn in lighter 
color, is zero, the amplitude loop is independent from the 
phase and tuning loops. 
From the signal flow graph we get the various closed loop 
gains of the feedback system: 
SV       G^ 1 
 = — = . (2) 
5v,    1+Ffi^    sz + l + F^ 
8(1) _    rijl + FfiJ 
5v^    s + F,t]{l + F,Gj 

S(t>_ G„ 
Sx    s + F^ri{i + F,Gj 

Sy, _        F,G, 

&x    s + F^r]{l + F,G,y 
From Eq. 2, 3 and 4 we see that if one requires zero 

steady-state errors for both amplitude and phase in 
response to step inputs, then one requires at least a pole at 
the origin, i.e. an integration, in both F„ and F^. To 

minimize RF power, one also requires the steady-state 
error for quadrature drive be zero. Given that F^ has one 

integration, Eq. 5 then requires  F,   to have also one 
integration.   Thus   PID   controllers   are   used   in   the 
amplitude, phase and tuner loops. 

SYSTEM PERFORMANCE 
Fig. 4 shows the Bode plot of the amplitude loop. The 

feedback parameters are adjusted such that the dominant 
pole due to the cavity response is almost cancelled by the 
zero from the proportional gain. The result agrees with 
that predicted by theory. 

right   hand   side   of   the   complex   plane   at    100 

1 ■ 
^^>^\A..^_y^ ̂ j— /-^~ 

-JV 

0.1 ■ 

^ X N VA, 

Freq(Hz) 

Figure 4. Open Loop Frequency Response for 
Amplitude Loop 

Fig. 5 shows the Bode plot for the quadrature phase loop 
without tuner feedback. At low frequencies the result is 
in agreement with theory, but at higher frequencies it 
shows the behavior of a non-minimum phase system. 
System stability is seriously degraded with a zero on the 

1 ■ \^ 

0.1 ^ 
■^ 

0.01 - 

Freq (Hz) 

Figure 5. Open Loop Frequency Response for Phase 
Loop showii^ Non-minimum phase characteristics 

Hz. A crystal ladder network with a Q of lO' was used in 
trying to locate the source of this zero, which was not 
predicted by theory. Referring back to Fig. 3, if we 
include the leakage path R, then the phase open loop 
response is 

-V + R F.. (6) 

The residue R is found empirically to have the form 
R = -Av,^\ (8) 

where A > 0 and ^ = 0 are variables that depends on the 
layout of the RF Module and cabling, resulting in a zero 
on the right hand side of the complex plane at 

'=^- ''' 
To prevent instability in operation due to this zero, we 
have to operate the phase feedback loop at a lower 
feedback gain and resulted in a reduced bandwidth. 

CONCLUSION 
The prototype RF control system for the 

superconducting cavity has been operated in many cold 
tests. It has been found to be able to provide amplitude, 
phase and tuning regulation to within the specifications. 
The power-up circuit has provided reliable way to punch 
through multipactoring, even when the cavity is not well 
conditioned. A parasitic leakage path in the phase 
feedback loop has caused a reduced operational 
bandwidth and is being investigated. 
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MAGNETOSTRICTIVE TUNERS FOR SRF CAVITIES^ 

A. Mavanur^, C-Y Tai, C. H. Joshi, Energen, Inc. Lowell, MA 01854 USA 
T. Grimm, NSCL, MSU, E. Lansing, MI 18824 USA 

Abstract 
Energen, Inc. has demonstrated two new tuners to 

address slow and fast SRF cavity tuning requirements. 
The slow tuner uses a linear stepper motor to deliver high- 
force, sub-micron linear motion of tens of millimeters at 
cryogenic temperatures resulting in hundreds of kilohertz 
tuning range. A separate actuator delivers fast tuning 
capability for microphonics and Lorenz detuning 
compensation. These tuning systems are based on 
magnetostrictive actuators that can deliver high force 
precision motion at cryogenic temperatures. Performance 
and capabilities of this prototype SRF cavity tuner will be 
reported. 

1 BACKGROUM) 
Since 1997, Energen has been working with 

engineers and scientists at Jefferson Laboratory, The 
National Superconducting Cyclotron Laboratory and the 
Spallation Neutron Source to develop and demonstrate 
several tuning mechanisms for elliptical, superconducting 
RF cavities. 

Energen has built a fme-tuning mechanism for a 
Jefferson Lab SRF cavity, which provided 2 kHz of 
tuning range on a 1497 MHz resonant frequency. Details 
about the tuner and it performance were reported 
previously[l]. 

Subsequently, Energen began developing a new 
tuning system that would replace the entire mechanical 
tuner system and eliminate the rotating mechanical feed 
through the vacuum system of the cryomodules. The 
details of the tuner design are reported in a paper 
presented at PACOl [2]. 

The present paper reports on the detailed testing of 
that tuner and its capabilities along with a new fast tuning 
actuator that is used for active microphonics control and 
Lorentz detuning compensation. The technology 
imderlying all of these devices is cryogenic magnetic 
"smart" materials. 

1.1 Magnetic "Smart" Materials (KelvinAll) 
Magnetic "smart" materials (MSM) change their 

shape (elongate) in a predictable and reversible manner 
when exposed to a magnetic field. The amount of 
elongation at saturation is the most fundamental measure 
of a magnetostrictive material. 

The most widely available MSM, Tbo.3Dyo.7Fe2 
(Terfenol-D) does not work at cryogenic temperatures 
'Fundedinpaitby the Nuclear Physics Division of the U.S. Dept. ofEnergy 
- E-mail: Energen@EnergenInc.com 

because of temperature-dependent changes in its magnetic 
characteristics. For cryogenic applications, the U. S. 
Navy has developed a TbDyZn alloy which exhibits much 
higher elongation than Tbo.3Dyo.7Fe2 but has a Curie 
temperature around 150 K. TbDyZn is only available in 
small quantities through custom fabrication and is 
therefore, very expensive. 

TbDyZn 
--      Terfenol-D 

\     KelvinAll™ 1$ g 

10.3 

|0.2 

— 

= 0.1- 
 KelvinAll™ 
- - TbDyZn 
 Terfenol-0 

0- 

0 100 200 300 
Temperature (K) 

Figure 1 - Temperature dependent magnetostriction 
for several materials and their relative costs. 

Through extensive materials research and 
development, Energen has developed KelvinAll, a new 
MSM that has excellent performance over a broad range 
of temperature from above room temperature to near 
absolute zero. Figure 1 shows a comparison of the 
saturation magnetostriction of the three MSM 
materials[3]. 

1.2 Actuators & Linear Motors 
In its simplest configuration, an MSM-based actuator 

consists of a rod of MSM surrounded by a coil. When 
current passes through the coil, the rod elongates and the 
motion can be used to do useful work. These devices are 
ideal for applications where short stroke, high force and 
rapid response are needed. 

Linear motors are capable of delivering long range 
high force motion. Detailed information about the stepper 
motor operation has been presented previously [4]. The 
control electronics provide manual and computerized 
control capability for the linear motors. 

2 SLOW TUNER SYSTEM 
2.1 Cavity Interface 

Under a Cooperative R&D Agreement (CRADA) 
between  Energen  and  Jefferson  Laboratory,  Energen 

through the SBIR Program 
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obtained a 5-cell SRF cavity from Jefferson Laboratory 
for the testing of the tuner. The Energen tuner is designed 
to be a replacement for the mechanical tuner that is 
currently used providing the added benefit of better tuning 
resolution. 

A drawing of the tuner connected to the cavity is 
shown in Figure 2 below. The end cells of the cavity are 
attached to cell holders. The inactive cell holder (shown 
on the right side) is rigidly connected to the end plate by 
four connecting rods. The active cell holder (shown on 
the left side) is free to move axially. The end plate and the 
active cell holder are connected to a lever arm by stainless 
steel wire ropes. The linear stepper motor is mounted on a 

Figure 2 - Geometry of the Energen SRF cavity tuner. 

platform beside the SRF cavity. When activated it pulls a 
cable connected to the lever arm. The rotation of the lever 
arm pulls the active cell towards the endplate stretching 
the cavity along its axis thereby changing its resonant 
frequency. 

2.2 Advantages 
This type of tuning system has several distinct 

advantages, it: 

• Eliminates sliding or rotating penetrations through 
the vacuum cryostat 

• Simplifies ciyostat design and assembly 
• Delivers both coarse and fine tuning in a single 

device 
• Can be used for fast tuning (microphonics) 
• Locks in position when powered off 

2.3 Measurements 
The tuning range of the cavity was tested at 77 K in a 

liquid nitrogen bath at Energen facilities. For these tests, 
the SRF cavity was evacuated to 10 mTorr. The 
resonance was measured using a network analyzer, which 
indicated a resonance at 1,497 MHz. The linear motor 
was then operated and the frequency shift was measured 
as a function of lever displacement. As the motor 
advances, the force required to elongate the cavity 
increases. This result of the increased load on the stepper 
motor was a decrease in the step size. At the end of its 
travel, the step size is reduced to zero.    The force 

generated by  the  stepper motor  is  estimated to  be 
approximately 2600 N. 

Figure 3 shows the resonance peak shift near 1497 
MHz at the beginning of the test and after the motor was 
advanced to the farthest distance. The frequency shift of 
160 kHz is equal to the capabilities of the existing 
Jefferson Laboratory mechanical tuner. 

—Tuned Cavity 

r-^. '^ 
7 V \ 

n.^ 
r^ 

..^ ' H, V 
^Ai•f■ 

N^ !^ 

fv (^ V 

Radio Frequency (MHz) 

Figure 3 - Resonant frequency range of the slow tuner 
mechanism. 

The slow tuner system was tested at 4 K at the 
National Superconducting Cyclotron Laboratory located 
at Michigan State University in a 35 in (0.89 m) diameter 
Dewar. There were some difficulties encountered during 
the tests such as vacuum leaks and a limited time 
available for conducting the tests. During the testing, 
were able to successfully demonstrate that the tuner 
system is capable of changing the resonant frequency of 
the cavity by 60 kHz. When the tuner is adjusted, there is 
a slight relaxation that occurs in the tuner system causing 
a frequency shift of approximately 25 Hz. Thereafter, the 
tuner demonstrated a stability of better than 5 Hz on a 
resonant frequency of 1497 MHz. - 3.3 ppb. 

3 FAST TUNER 

5.1 Actuator Design 
A short stroke fast responding high force actuator is 

needed to damp out vibrations due to microphonics and 
Lorenz detuning. Figure 4 shows the actuator designed for 
this purpose. The MSM and the superconducting coil are 
enclosed in a laminated Silicon-steel housing. The coil 

Springs - 

Si-Steel Core 
(Laminated) 

Superconducting 
Coil around the 
Laminated MSM 

Figure 4 - The Fast tuner 
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is made of NbsSn as it has a comparatively high critical 
temperature (18 K), low filament coupling and hysteresis 
losses. The core concentrates the magnetic flux in the 
MSM and provides partial magnetic shielding as well. A 
superconducting niobium shell, not shown in Figure 4, 
shields the entire actuator. The MSM and the silicon steel 
housing are laminated to reduce eddy current heat 
generation and to achieve fast response. Belleville springs 
are used to preload the MSM. 

Analyses of the magnetic design were performed on 
the active element to optimize the geometry of the coil, the 
Si-Steel core and the flux distribution in the MSM. The 
geometric configuration was then refined using 3-D 
magnetic analysis, to get more accurate field distribution 
plots, stray magnetic field numbers and the coil 
inductance. 

A superconducting shield is used to minimize stray 
magnetic fields. The field leakage values obtained from 
the 3-D analysis are used as inputs in the Bean's model to 
determine the thickness of superconductor required to 
shield the field. 

Since the fast tuner will be installed in the vacuum 
space surrounding the helium vessel, providing a 
conduction path for the small amount of heat generated in 
the actuator is critical to stable operation. Heat generated 
in the actuator is due to 1) eddy currents 2) AC operation 
of the coil 3) hysteresis losses in magnetic materials 
manifested as heat. The heating due to eddy currents was 
estimated using a 3-D dynamic analysis and is calculated 
to be 0.04 Watts. The heating in the coil and due to 
hysteresis losses is estimated to be 0.05 W and 0.01 W 
respectively. So the total heat generated is of the order of 
0.1 W 

3.2 Laboratory Testing 
.The fast tuner was tested under the operation 

conditions for stroke, ramp rate and stray magnetic fields. 
Figure 5 is a plot of the fast tuner stroke verses the input 
current and shows the linearity of the actuator. 

Figure 6 shows the current ramp rate in the coil. It is 
seen that the current can be ramped in the coil from 0 to 
maximum in the required 130 Microseconds. 

An open ended Niobium cup is used to shield the 
stray magnetic field. The magnetic field at a distance of 
30 mm from the surface of the actuator is foimd to be 50 
mG. Efforts are on to fabricate a more complete Niobium 
enclosure to bring dovra this number. Tests are also being 
performed to determine the heat generated. 

3.3 Advantages 
The advantages of the fast tuner include: 

1) Very fast response  and  can  be  operated  at 
frequencies as high as 2 kHz 

2) Sub-micron precision motion. 
3) High Force generation 
4) Can be operated under extreme conditions 
5) Long life. 
6) Compact reliable and robust 

Current (Amps) 

Figure 5: The linearity of the fast tuner 

Figure 6: Response of the coil to a step input. 

4 FUTURE DESIGNS 
Future tuner designs where in both the fast and slow 

tuners are integrated into a complete tuning system are 
being considered. More compact fast tuners are being 
designed and fabricated for custom applications. The 
smallest one is 62mm x 50mm and 22mm deep. Smaller 
configurations are possible as the active element is only 
25 mm wide, 26 mm high and 17 mm deep. 

5 CONCLUSIONS 
Energen Inc. has demonstrated a comprehensive 

tuning system performing both slow and fast tuning for 
SRF cavities. High-force, compact, magnetostrictive 
actuators are capable of precisely positioning stiff objects. 
Reliable and robust operation imder extreme conditions of 
temperature and pressure has been demonstrated. 

[1] 

[2] 

[3] 
[4] 
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FABRICATION, TEST AND FIRST OPERATION OF SUPERCONDUCTING 
ACCELERATOR MODULES FOR STORAGE RINGS 

S. Bauer, M. Pekeler*, M. Peiniger, H. Vogel, P. vom Stein, 
ACCEL Instruments GmbH, D-51429 Bergisch Gladbach, Germany 

S. Belomestnykh, H. Padamsee, P. Quigley, J. Sears, 
Cornell University, Ithaca, NY 14853, USA 

Abstract 
The production of 6 superconducting 500 MHz modules 
for Cornell University, the Taiwan Light Source and the 
Canadian Light Source is almost finished. We summarize 
the vertical cavity test results and report on cold module 
tests. Operational experience with the delivered modules 
is also presented. Furthermore a 1.5 GHz superconducting 
Landau module is under production at ACCEL. The 
status of this project will be discussed 

1 INTRODUCTION 
ACCEL is currently producing superconducting 500 

MHz modules for Cornell University [1], the Taiwan 
Light Source SRRC [2] and the Canadian Light Source 
CLS [3]. The design of that module was developed at 
Cornell. The possibility to accelerate high current at high 
gradients together with a very effective damping scheme 
of the higher order modes makes them attractive for all 
kind of high current storage ring applications [4]. 

Figure 2: First superconducting accelerator module for 
the Taiwan Light Source with valve box (left) and SRF 

electronics (right) 

Figure 1: Schematic view of the superconducting module 

ACCEL also supplies the  SRF Electronics  and the 
cryogenic distribution boxes to SRRC and to CLS. 

2 STATUS OF PRODUCTION 
All single components are produced 
All cavities passed successfully the vertical test. 
All RF windows have been successfully tested. 
One module for Cornell  University has been 
successfully tested with high power RF and is 
operating in the synchrotron CESR successfiilly 
for more than 8 months. The second module for 
Cornell University is delivered and will be tested 
with high power RF within the next month. 
One module for Taiwan Light Source has been 
tested at Cornell University with high power RF. 
The gradients reached during this test exceeded the 
design specifications by more than a factor of two. 
However it was discovered, that this module can 
not  be  operated  with  sufficient  high  power, 
because it has the wrong external Q factor of the 
input coupler. We are currently investigating the 
source for the wrong external Q. 
One module for the Canadian Light Source was 
recently delivered and is currently under test at the 
CLS. 
The electronics for all the 6 modules are finished. 
The valve boxes for the Taiwan Light Source and 
the Canadian Light Source are delivered. 

0-7803-7738-9/03/517.00 © 2003 IEEE 1410 
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Figure 3: Assembly area of the SRF modules at ACCEL. 
In the upper right part the clean room class 100 can be 

seen where the modules need to be assembled in 
whenever the cavity vacuum is touched. 

3 CAVITY TESTS 
The infrastructure at ACCEL allows state of the art cavity 
preparation. A closed loop chemistry plant (BCP 1:1:2) 
and a high pressure water rinsing system is available and 
shown in Fig. 4. 

Figure 4: Preparation of a 500 MHz cavity for a vertical 
test at ACCEL. Up left: closed loop BCP up right: high 

pressure rinsing, below: clean room assembly 
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Figure 5: Cavity test results 

Figure 5 shows the test results of the six cavities 
produced for Cornell, SRRC and CLS. All Cavities 
reached more than 11 MV/m. The highest field observed 
was 12.6 MV/m. All cavities were limited by available 
RF power (200 W). No quenches were observed. It is 
remarkable that the results were achieved consecutive 
\yithout a unsatisfactory result in between. This indicates 
a very reliable cavity preparation. 

4 MODULE SHIPMENT 
For the transportation of the modules fi-om ACCEL to 

our customers overseas a special shipping frame was 
designed. It protects the modules from shocks and 
vibrations during transportation by air and truck. 
Additionally all fransports are controlled by shock 
detectors attached to the module. 

Figure 6: Completed module installed into shipping 
frame. 

5 MODULE TEST AND OPERATIONAL 
EXPERIENCE 

The first delivered module for Cornell University was 
tested at Cornell University with high power RF in a 
dedicated test area before installation into the storage 
ring. After movement to the processing area the module 
was cooled down and the RF power was increased 
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continuously. By measuring the cryogenic losses of the 
module, the quality factor could be calculated for 
different field levels. The test result is summarized in 
figure 7 and compared to the vertical test result of the 
cavity. A field of 9 MV/m was measured with a Q above 
1E9. In pulsed mode fields up to 13.3 MV/m were 
measured. 
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Figure 7: Test result of Cornell module #1 

The module performance was comparable with the 
vertical test result. Due to safety reasons, the fields were 
limited to below 9 MV/m in cw operation with high 
power RF. After high power RF test the module was 
installed into the storage ring and is working there for 
more than 8 months now without any problems. 

6 SUPERCONDUCTING LANDAU 
ACCELERATOR MODULE 

ACCEL currently fabricates a superconducting 3"^ 
harmonic accelerator module for BESSY II [5]. The 
cavity design is based on a scaled CESR Phase- II cavity 
operating at 1.5 GHZ. 

HOM- 
Absoiber HOM- 

Absoitei 

Figure 9: Layout of the Landau Module 

The cavity provides strong damping of higher-order 
modes by ferrite loads on the beam tubes. A new module, 
constrained to fit into a very limited space at BESSY, was 
designed. 

Meanwhile the fabrication of all major subcomponents 
is finished. The reworked cavity (s. fig. 8) was submitted 
to a cold test at DESY reaching 7 MV/m Umited by rf 
power. 
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Figure 8: Landau Cavity in handling frame 
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BEAM PHOTOGRAPHY: A TECHNIQUE FOR IMAGING DARK 
CURRENTS 

P. Gruber*, CERN, Geneva, Switzerland 
Y. Torun, Illinois Institute of Technology, Chicago, IL, USA 

Abstract 

Dark currents are unwanted electron currents that stem 
from surface electrons emitted in rf cavities and accelerated 
in their electric field. This paper describes a novel tech- 
nique to produce a 2D-image of dark currents and presents 
some results. 

Ordinary black and white photographic paper was ex- 
posed to dark current electrons coming out of an 805 MHz 
cavity in the Lab G facility at Fermilab. This is a cop- 
per pillbox cavity in a 2.5 T solenoidal field parallel to the 
electric field. Thin rf and vacuum windows allow the elec- 
trons to exit the cavity. Due to the focusing effect of the 
magnetic field, a sharp picture of the dark currents sources 
is obtained. Single emitters, surrounded by regions of vir- 
tually no dark current, can be clearly identified. 

INTRODUCTION 

Dark currents are formed by electrons which are released 
from a cavity surface through field emission and which are 
subsequently accelerated in the cavity's electric field. 

Dark currents have been studied in the context of 
the international Muon lonization Cooling Experiment 
(MICE)[1], which is an accelerator R&D experiment for 
ionization cooling at a future neutrino factory[2]. loniza- 
tion cooling is a two step process in which muons are first 
sent through an absorber (mostly Uquid hydrogen) in order 
to reduce both the transverse and the longitudinal momen- 
tum. In the second step, the particles are re-accelerated in 
an electric field parallel to the beam axis and the longitudi- 
nal momentum is restored. The net effect is a reduction of 
the beam divergence and - as the focusing is kept constant 
- a reduction of the normalized emittance. 

MICE has three main components: an incoming spec- 
trometer, the cooling apparatus with absorbers and cavities, 
and an outgoing spectrometer. The emittance before and 
after cooling is measured on a particle-by-particle basis in 
the spectrometers. The layout of MICE in Fig. 1 shows 
how close the sprectrometers are to the cavities. In fact, 
they are only separated by the 35 cm of liquid hydrogen 
absorber. This makes the measurement vulnerable to dark 
currents and to x-rays produced by dark current electrons 
and explains the interest of MICE in controlUng dark cur- 
rent emissions. 

Incoming 
spectrometer 

Cooling apparatus 

Hj| Cavity 1 H, | Cavity |HJ 

Oiugoing 
spectrometer 

Figure 1: Layout of the MICE experiment. A differential 
measurement is performed between the two spectrometers. 
In the middle, there is the cooling apparatus with two cavi- 
ties and three liquid hydrogen absorbers. The whole exper- 
iment is embedded in a fine-tuned set of solenoid magnets. 

Frequency 805 MHz 
Accelerating gradient 13MV/m 
Total accelerating voltage 1.04 MV 
Magnetic field 2.5 T 

* peter.gmber@ cem.ch 

Table 1: Operating parameters of the cavity and magnet. 

EXPERIMENT SETUP 
The MUCOOL collaboration operates an 805 MHz test 

cavity at the Fermilab Lab G[3]. This cavity has been spe- 
cially designed to study dark currents and x-rays emitted 
from rf cavities. It features a pair of very thin windows, 
allowing the dark current electrons to exit the cavity. These 
windows can be changed. All measurements presented 
here have been performed with a 200 /um Cu rf window 
and a 200 /im Ti vacuum window. 

The cavity is immersed in a superconducting solenoidal 
magnet with fields up to 5 T. All measurements except the 
one reported at the end were performed at a magnetic field 
of 2.5 T. The cavity operting parameters can be found in 
Tab. 1. To make the comparison easier, all measurements 
were performed at 13 MV/m field gradient. 

METHODOLOGY AND MATERIAL 
Ordinary photographic paper for black-and-white en- 

largements was used to detect the electrons. The paper was 
wrapped in contractor-grade black plastic foil to prevent 
exposure to ambient light. It was placed perpendicular to 
the beam axis at different distances to the cavity window, 
exposed for 30 s to 9 hrs and subsequently developed. The 
exposure time was adapted to the observed flux. 

The advantages of photographic paper are its moderate 
speed (slower than polaroid paper, yet results are obtained 
in minutes), the low cost, its high grain and the large sizes 
available. The details of the material are outlined in Tab. 2. 

0-7803-7738-9/03/$ 17.00 © 2003 IEEE 1413 
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Figure 2: Distance series of photographic paper, taken at 
various distances of from the cavity window. The exposure 
time was 1 min for the first three pictures and 3 min for the 
latter two. All pictures are on the same scale. 

Photographic 
paper 

ILFORD«^ Multigrade IV, 
FB Fiber, MGF5K [4] 
sizes 8x10 in and 11x14 in 
(20x25 cm and 27.5x35 cm) 

Developer Ilford Multigrade Paper developer, 
1+9 diluted, 2 min 

Fixer Ilford Rapid fixer, 
1+9 diluted, 2min 

Table 2: Specifications of the photographic material used 

After the development, the photographic paper was 
scanned using a Canon 20LIDE scanner with 300 dpi and 
16bits. To calibrate the scans, a sample white and black 
point was scanned with each picture. The levels of grey ex- 
pressed at points of interest in percentage points were then 
extracted using a picture editing program. It was assumed 
that the level of grey is roughly proportional to the dose for 
levels of grey of up to 75%. 

DISTANCE MEASUREMENT SERIES 

A series of pictures were taken on the solenoid axis at 
varying distances from the cavity windows. The results are 
shown in Fig. 2. The first picture was taken at a distance of 
1 cm from the cavity window, well inside the solenoid. The 
second picture was taken at the solenoid's end. The other 
three pictures were taken in the fringe field of the solenoid 
at distances of 20 cm apart. 

The pictures show that the black spots seen on the first 
plane dilute and grow as the fringe field of the solenoid 
opens up. This picture makes it clear that the pattern of 
dark spots is really induced by electrons and not by x-rays, 
which are also emitted from the cavity. 

The last two pictures illustrate very well how the elec- 
trons follow the magnetic field lines of the fringe field and 
how they get diluted in this process. This is important for 
the MICE experiment, because there is a flip in the field di- 
rection between cavity and spectrometers for most configu- 
rations. As seen in Fig. 2, the dark current electrons follow 
the field lines and virtually none will reach the spectrome- 
ter. 

(marked with a dotted triangle) is still completely white. 
After 10 times the exposure time (300s), the region marked 
with a triangle is 10% grey. If one spot is only 10% grey 
after 10 times the exposure time, one can conclude that dif- 
ferent beamlets vary at least 10-10 = 100 times in intensity. 

PHOTOGRAPHIC RANGE TELESCOPE 

A photographic range telescope was built with six layers 
of photographic paper separated by layers of 1.6 mm alu- 
minum each. To be able to see high-energy particles with 
low rates and attenuated x-rays, the exposure time was ex- 
tended to 9hrs. It was thus expected that the first sheet of 
paper, which is not protected by the aluminum, would be 
completely black. 

The image series is shown in Fig. 4. The light grey ring 
is due to a mounting device, that cast a shadow on the 
calorimeter. The active area of sheet no. 0 is completely 
black, as expected. The most energetic electrons penetrate 
the first layer of Al and can be identified on sheet no. 1. 
No electrons are seen after the second layer of Al on sheets 
no. 2 and beyond; only a uniform x-ray background can be 
identified. 

This result is perfectly compatible with a MARS [5] sim- 
ulation, that shows that for 1.2 MeV electrons, 20% survive 
one Al layer, and less than 10"'* survive two layers. 

The x-ray background shows the expected attenuation 
pattern, with slightly lower intensities after each layer of 
Al. 

EXPOSURE TIME SERIES 

At a fixed position at the end of the solenoid (this com- 
pares to the second position in Fig. 2) a time series of ex- 
posures was taken. The exposure times were: 30 s, 45 s, 
1 min, 2 min and 5 min. The results, shown in Fig. 3, indi- 
cate a background rate that varies highly with the location. 
One can imagine dark current "beamlets" that stem each 
from a single emitter. 

Combining different exposure times makes it possible to 
extend the dynamic range of the photographic paper. If one 
looks at the 30 s picture, there is a spot that is completely 
black (marked with a dotted circle), while another area 

MEASUREMENTS WITHOUT 
MAGNETIC FIELD 

For comparison purposes, one exposure was carried out 
with no magnetic field. The photographic paper was lo- 
cated at the end of the solenoid. The exposure time was 
extended to 30 min. 

No structure whatsoever could be detected. The photo- 
graphic paper showed a uniform level of grey of 60%. This 
translates into an exposure time of 50 min for full black, 
a factor of 100 more than the darkest spots with magnetic 
field at the same location. 
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Figure 3: Time series of photographic paper, located at the end of the solenoid, exposed 30 s, 45 s, 1 min, 2 min and 5 min. 
The individual pictures have been taken during the course of a day. The image is remarkably stable in this time frame. 

Figure 4: Image series of the photographic range telescope. 
The first image was directly exposed, then there was a 
shielding of 1.6 mm Al between each plate. The exposure 
time was 9 hrs. 

CONCLUSIONS 

For the beam photography method, one can conclude: 

• Beam photography is capable of producing accurate 
2D-images of dark currents. 

• This method works only, if thin windows allow the 
dark current electrons to exit the cavity and if a mag- 
netic field parallel to the beam axis guides the dark 
current filaments. 

• X-rays are normally not detected, as they produce a 
signal that is a factor of 500 weaker than the electrons' 
signal. 

Following facts about dark currents produced by the 
Lab G cavity have been revealed: 

• About 50 different individual emitters have been iden- 
tified. 

• The pattern of these emitters does not change on the 
timescale of several days, even after breakdowns. 

• The intensity of individual dark current filaments 
varies by a factor of more than 100, 

leading to these conclusions for the MICE experiment: 

• A field flip at the location of the absorber solves the 
problem of low-energy electrons, as these follow the 
field lines and are lost. 

• Without field flip, the dark current filaments follow the 
field lines and reach the spectrometer. There, the local 
background rate varies by a factor of more than 100. 
When analyzing background effects in the spectrom- 
eters, it is not enough to consider the average back- 
ground rate. 
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REBUILDING WR-340 AND WR-284 WAVEGUIDE SWITCHES TO MEET 
HIGHER POWER AT THE ADVANCED PHOTON SOURCE* 

S. W. Berg, D. Bromberek, J. Gagliano, A. E. Grelick, G. Goeppner, A. Nassiri, T. Smith 
Advanced Photon Soxirce, Argonne National Laboratory, Argonne, IL 60439 USA 

Abstract 
The high-power S-band switching system for the 

Advanced Photon Source (APS) linear accelerator (linac) 
provides for a hot spare for two of the four S-band 
transmitters. The system utilizes four-port S-band 
switches of aluminum construction that are pressurized 
with sulfur hexafluoride during normal operation and are 
commercially available. A high-power S-band transmitter 
test stand at the APS Unac has shown that processes that 
include the hand working and electropolishing of sharp 
edges internal to the aluminum construction of these 
switches have measurably improved power handling 
characteristics. 

INTRODUCTION 
The rf power for the APS linear accelerator is provided 

by Thales model TH2128 klystrons, rated at 35-MW peak 
power, and TH2128D klystrons, rated at 45-MW peak 
power. The ongoing process of upgrading new and rebuilt 
klystrons to model TH2128D continues as the lower- 
grade klystrons are retired or rebuilt with the power 
upgrade [1]. Of the six klystrons in the APS linac gallery, 
LI, L2, L4, and L5 are used for normal storage-ring 
injection. A sixth klystron, the TH2128D model, has been 
installed in the gallery and serves as a test stand for high- 
power testing and conditioning of components. This test 
stand is currently being redesigned to accommodate the 
high-power rf acceptance testing of S-band SLEDs 
(SLAC Energy Doublers). The switching system provides 
for uninterrupted rf power to the APS linac in the event 
that a klystron needs to be replaced [2]. 

TOPOLOGY 
Figure 1 shows an overhead WR-340 waveguide run 

that supports the 2856-MHz signal from spare klystron 
L3. This run (labeled 'From L3') has been installed at an 
elevation of 14'6" to provide for clear passage of forklifts, 
thereby accommodating the removal of and replacement 
of klystrons. Figure 1 illustrates how the two WR-340 
switches shown can lead to four scenarios. 1) The L3 rf 
signal can substitute for LI, providing rf power to the 
turmel thermionic gun, which is used for normal storage- 
ring injection. 2) The L3 rf signal can be used to power 
the photocathode gun used for low-energy undulator test 
line (LEUTL) studies. 3) The L3 rf signal can, via a third 
switch in the linac tunnel, be directed to a test room [3]. 
4) The L3 rf signal can be directed to a vertical water load 

termination for conditioning. The WR-340 waveguide was 
used for two reasons. First, it exhibits less return loss than 
does the WR-284 waveguide. Over the frequency range 
which the waveguide is designed to support, the WR-340 
copper waveguide is 0.261 to 0.363 dB loss per 100 feet 
while the WR-284 copper waveguide is 0.508 to 0.742 dB 
loss per 100 feet. The second reason the WR-340 
waveguide is used is to handle more power in the 
pressurized portion of the waveguide. Another switching 
arrangement has been installed at L2 whereby the spare 
klystron L3 can replace rf from klystron L2 if klystron L2 
becomes temporarily disabled. 

* This work is supported by the U.S. Department of Energy, Office of 
Basic Energy Sciences, under Contract No. W-31-109-ENG-38. 

Figure 1: Switching at LI. 

COMPONENTS 
Measurements to date have determined that the loss 

from L3 to the photocathode rf gun over a distance of 150 
feet is 0.84 dB. This overall loss is influenced by the 
number of flange joints, which is perhaps greater than 
ideal because the waveguide straights were limited to six 
feet due to the brazing furnace size. Windows and 
transition pieces, which make the size transition from 
WR-284 waveguide to WR-340 waveguide, contribute to 
the waveguide losses. The waveguide transitions are 
machined externally to a tapered shape prior to an internal 
wire EDM (electrical discharge machine) operation and 
have an overall length equal to 21.25". A goal of 40-dB 
return loss was chosen as one of the criteria for the WR- 
340 windows developed at the APS [4]. 
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The WR-340 flanges and gaskets are unique to the APS 
switching system, having been upgraded from the WR- 
284 merdinian male and female flanges developed at 
SLAC. Construction of the WR-340 waveguide is 0.25" 
wall OFHC copper. This makes for a heavy waveguide 
that demands significant attention to safety in installation 
and support. The heavy wall limits the elastic deflection 
of the broad wall from applied pressure or vacuum so that 
deflection is similar to that demonstrated by the proven 
0.173" wall WR-284 waveguide. More costly brazed 
stiffeners to the WR-340 broad walls were thus not 
needed. 

The nominal operating pressure of the SF^ is 32 psig. 
Two pressure switches in parallel are installed at each 
zone to serve as rf interlocks, and they signal local cabinet 
displays if the pressure falls below 29 psig. An 
overpressure system for safety purposes incorporates a 
35-psig burst disc and pressure relief valve built into the 
main manifold. There are no temperature stability water 
traces brazed to the WR-340 waveguide (excepting the 
WR-340 windows), since the entire WR-340 waveguide 
subsystem lies ahead of the sampling port, which is used 
for closed-loop phase regulation in each case. 

Provisions have been made to monitor the moisture 
content of the SFe, and a future SF^ recovery system is 
planned to reclaim 97% of the SFg and provide for a 
scrub, clean, and dry process. Yet, the current SFg system 
is static with minimal moisture content monitoring. For 
the purposes of maintaining the waveguide and adding 
new components to the system, the SFe is vented 
completely from a zone. Although SFe recovery is not 
employed, during the SFg venting it is automatically 
tested for the presence of breakdown byproducts SO2 (1 in 
60 ppm) and HF (1 in 120 ppm). Following maintenance 
activities, the selected waveguide zone is evacuated to 10 
mTorr and the zone is refilled from one of two cylinders 
holding fresh SFe pressurized at 400 psig. Automatic SV^ 
switchover occurs when one cylinder pressure falls below 
120 psig. The two larger zones (6 cubic feet each) have 
performed for a year without maintenance activity and 
therefore without SFg refreshment. 

This describes the static SFe system that has performed 
well for five years. On one occasion, which involved the 
small zone at the L6 test stand using a 2856-MHz, 41- 
MW pulse with a 2-ns duration, severe arcing occurred 
causing SFg decomposition. This happened during testing 
of the prototype WR-340 window, which was afterward 
redesigned to handle higher power [5]. The arc residue on 
the SFft side of the ceramic contained neither of the more 
hazardous byproducts, SO2 or HF. The residue deposited 
on the gas side of the window was found to be copper 
fluoride and copper fluoride hydroxide, indicating that the 
HF reacted wdth the copper. No other occurrence of SFe 
breakdown has been observed. 

PRESSURIZED RF SWITCHES 
Early testing at SLAC [6] was significant because WR- 

284 switches manufactured by Sector Microwave were 
seen to exhibit return loss characteristics at least 
commensurate with a more expensive brand of 
manufacturer. A decision was made to purchase fourteen 
Sector Microwave 340 size and four Sector Microwave 
284 size switches. A more recent purchase order for 
additional switches has followed. The return loss of the 
WR-284 switch had been measured at SLAC to be 22 dB 
using the test setup described in [6]. More recent 
measurements at the APS using a network analyzer have 
indicated that WR-340 switches can be fine-tuned to 40 
dB, whereas the acceptance criteria requires no return loss 
less than 36 dB. The network analyzer measurements 
indicate that the WR-284 switches can be expected in 
general to exhibit 31- to 35-dB return loss. 

Fine-tuning the WR-340 switch in an attempt to reach 
40 dB involves removing the electrical switch head to 
expose a round cover plate, as shown in Figure 2. For 
illustration purposes, the mitered rotor is raised. The 
round cover plate (labeled port 1) contains the index blind 
hole. This cover plate can be rotated slightly in 
reassembly to change indexing of the switch head and the 
position of the switch bearing (arrow in picture) relative 
to the aluminum channel piece (fixed to the rotor axis). 
This alters slightly the rotation of the rotor and the 
alignment of housing openings to rotor edges, thus 
influencing the return loss of the switch. 

Figure 2: Switch head bearing and channel piece. 
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High-power testing of WR-284 switches to the extent 
that results are repeatable has not yet been performed. The 
great majority of testing has been with WR-340 switches. 
A factory WR-340 switch sometimes exhibits arcing at 
peak levels as low as 35 MW, such as the serial number 
15 (SN15) WR-340 switch at the APS. In order to 
improve this performance, the edges of the aluminum 
rotor and housing were hand-worked using extremely fine 
emery cloth backed by flexible lexan. Prior to this rework, 
the factory irridite finish (shown as silvery in Figure 2) 
and enamel are removed. Rotor edges that have been 
reworked are shown in Figure 3, though housing edges 
were also smoothed. Measurements using an optical 
comparator indicate that factory edge radii range fl-om 
0.002" to 0.008", while handworking increased these radii 
fi-om 0.014" to 0.030". Following this handworking, the 
rotors and housing are electropolished to further smooth 
the edges. This process removes an additional 0.001" to 
0.002" from the aluminum surface and thus opens the 
difference between rotor outer diameter and housing inner 
diameter 0.004" to 0.008". 
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Figure 3: WR-284 rotor edges that are handworked. 

Following this rework, the aluminum rotor and housing 
are irridited with a dark irridite process, and the rotor and 
housing are reassembled and optimized in alignment. The 
quality of the new irridite finish on the rotor and housing 
is more durable and more gold in color than the factory 
finish, because it follows an electropolish process. 
Eventually it was determined that the electropolishing and 
irridite finish alone allowed a WR-340 switch to reliably 
achieve 45-MW peak with 4-ns pulse, noting that not all 
factory-grade WR-340 switches are as poor in 
characteristics as was the SN 15 switch. 

CONCLUSIONS 
More extensive peak power testing of WR-284 switches 

is viewed to be necessary. Future purchase orders for WR- 
340 switches may be similar to the most recent, where the 
manufacturer supplied matched rotors and housings 
disassembled and unfinished. That arrangement allowed 
rework without disassembly of the factory unit. A more 
efficient option would be for the manufacturer to perform 
acceptable factory electropolishing and irridite finishing. 
The electropolish and irridite processes are believed to 
improve the peak power handling performance of the 
WR-340 switch by at least 10%. Data for WR-340 
switches indicate that handworking offers only a few 
percent further improvement. At present, only the WR- 
284 switches receive the laborious handwork process 
(since operating them at 35 MW constitutes a greater field 
strength stress than is produced by 45 MW in WR-340). 
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CONDUCTING RESEARCH AND OPERATOR TRAINING 
WHILE MAINTAINING TOP-UP RELIABILITY USING THE 
ADVANCED PHOTON SOURCE LINEAR ACCELERATOR* 

S. Paskyt and R. Soliday 
Argonne National Laboratory, Argonne, IL 60439, USA 

Abstract 
In recent years many changes have been made to the 

Advanced Photon Source (APS) linear accelerator (linac) 
to support multiple tasks. The primary purpose of the 
linac is to provide beam to fill the APS storage ring, 
which is done using thermionic cathode rf guns. At the 
same time we provide support for research projects, 
including a new facility that will be used for future 
operator training and testing of injector components. 
With each task requiring a different lattice and timing 
configuration, while at the same time using common rf 
systems, the complexity of operations has increased 
significantly with even greater demands being made on 
reliability and performance. In addition, personnel safety 
and equipment protection concerns have become more 
complex. We approached these challenges by developing 
three new subsystems: a highly automated linac operation 
using APS's Procedure Execution Manager (PEM) 
software; a new interlock system based on programmable 
logic controllers; and an automated S-band rf switching 
system. In this paper, we discuss how these developments 
have improved the flexibility and reliability of the APS 
linac, and how we intend to conduct operator training and 
test new injector components while maintaining storage 
ring injections. 

INTRODUCTION 
The Advanced Photon Source at Argonne National 

Laboratory is a high-brightness, third-generation 
synchrotron light source. It is operated in top-up mode 
75% of the time, which entails injecting beam every two 
minutes to maintain a current of 102 mA to 1% tolerance. 
When top-up is not being performed, the ring is filled 
twice per day. In either mode, the APS linac is now 
configured to support multiple functions, accomplished 
by the addition of three new subsystems: an interlock 
system based on programmable logic controllers (PLCs), 
an automated S-band rf switching system, and a graphical 
user interface called the Procedure Execution Manager 
(PEM). 

*This work is supported by the U.S. Department of 
Energy, Office of Basic Energy Sciences, under Contract 
NO.W-31-109-ENG-38. 
t Email: pasky@aps.anl.gov 

LINAC AUTOMATED OPERATIONS 
The APS linac is made up of five modulators and 

klystrons, three SLEDs, three electron guns, and a 
complex diagnostic and lattice arrangement. In addition, 
there are subsystems, such as water, vacuum, and timing 
that are incorporated into operating screens that hold 
hundreds of read-backs and controls for every aspect of 
operation. 

Originally, when making changes in the linac, the 
operators had to switch back and forth among many 
control screens and perform procedures fi-om memory or 
with the aid of written procedures. To say the least, this 
was a very time-consuming and error-prone task. 

The use of PEM software procedures [1,2] for 
equipment start-ups, lattice reconfigurations, and changes 
to the rf power system in the event of a failure has proven 
to be most beneficial. The main difference is that PEM 
has the ability to repeat steps faster, more consistently, 
and with less possibility of error. 

Complex PEM procedures are constructed by 
combining simpler PEM procedures in a series and/or 
parallel fashion. The PEM interface is expandable, 
simple, and consistent, so operators often do not need to 
leam anything new in order to correctly use a new 
procedure. Using the PEM's ability to execute steps in 
parallel can decrease the execution time and further 
enhance productivity. In addition, the PEM has error 
trapping and reporting to help machine managers and 
software developers diagnose and respond to errors. 

As an example, a PEM would be used in the event of an 
rf system failure. Selecting the LinacSwitch Mode PEM 
from the operation dialog screen (Fig. 1) wdll 
automatically remove the failed rf source and, in parallel, 
switch to the back-up rf source. Prior to starting this 
procedure the operator is required to select a snapshot file 
that will be restored at the end of the switching mode 
change. A snapshot file (Fig. 2) is a database file that 
includes all the settings necessary to reproduce the 
conditions existing when the snapshot was recorded. Once 
executed, the PEM procedure opens another display 
window that shows each step as it occurs and reports 
procedure status (Fig. 3). 

There are two principal difficulties with the PEM 
process. First, changes in the controls system or hardware 
can cause the procedures to fail. This problem has been 
managed by the use of administrative controls and a 
device layer between the PEM procedures and EPICS. 
Second, thorough testing of these procedures requires 
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machine time, which is in very high demand for storage 
ring top-up and experimental programs. 
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Figure 1: Procedure Execution Manager for the 
APS linac. 
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Figure 2: Initial dialog screen. 

Figure 3: Status monitor. 

NEW SUBSYSTEM INTERLOCKS 

Interlock Support 
New interlock systems have been designed to support 

various klystron operations. The main responsibility of 

the interlock system is to provide machine protection, 
which depends on vacuum, SF6 pressure and water flow 
to function properly. The interlock logic generates Permit 
signals specific to each subsystem (vacuum, pressure, and 
water flow.) These permits are connected in series to 
permit rf power to be generated from any one of five 
klystrons. 

A milestone was reached in December of 2002 with the 
completion of the programmable logic controller (PLC)- 
based interlock protection system. The original interlock 
system for the linac was a hard-wired, relay-based one 
that was, for the most part, very reliable. However, adding 
new interlocks to the old system proved to be very time 
consuming, and it was unable to communicate with newer 
PLC-based systems. 

PLC Selection 
The 205 Direct Logic Controller, known as the world's 

most powerful micromodular PLC, was found to meet or 
exceed all our requirements. This Direct Logic Controller 
uses a remote master eight-slot I/O crate with a DL250 
controller-processing unit. Using this type of system has 
saved money in equipment costs and many hours not only 
during the initial installation of the hardware but also in 
programming and debugging time. The DL250 was found 
to also interface very well with our EPICS system in that 
it provided additional diagnostic information to the 
control room via standard control screens. 

Interlocks Interfaced with MEDMDisplays 
In EPICS, equipment is controlled from workstations 

that communicate over a network of local computers 
called input/output controllers (lOCs). All systems in the 
linac that require or use interlocks for equipment or 
personnel safety protection require a latching function 
independent of the lOCs. Once a latch has been made, 
operator intervention is required to reset the interlock. 

Using the PLC's ability to monitor each interlock 
signal separately, the MEDM screen developer is now 
able to design a thorough diagnostics display for 
operations and maintenance personnel. In the event of a 
trip or component failure, a quick glance at this screen 
shows the general source of the problem in an easily 
understood graphical fashion. 

RF SWITCHING SYSTEM 
As a result of top-up operation, the requirements for 

reliability and availability of the linac are even greater 
now than in the past. In addition, linac systems are under 
greater stress due to continuous operation, making failures 
more likely. The first part of the linac, consisting of the rf 
guns and four accelerating structures, requires two 
klystrons (designated Kl and K2) for normal operations. 
In the event of the failure of either Kl or K2, a third 
klystron (K3) would be used. Klystron three is also used 
to support experimental research equipment as well as a 
test stand. To do this, the system relies on S-band, 
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electropolished switches, 340 pressurized waveguides, 
[3,4], and a PLC-based switching controller. 

Switching System Description 
The linac rf switching control system is responsible for 

monitoring and controlling eight rf switches connected to 
various waveguide sections in the low-energy section of 
the linac (sectors LI through L3). The switches are used 
to reconfigure the operation of the linac, or mode change, 
with respect to gun operation and klystron sources. The 
switching system communicates to a variety of field 
devices including switch-mode interfaces, modulator 
interlocks, VSWR fault switching, sector interlocks, and 
Bitbus (via serial BUG). 

In general, the switching system will monitor the rf 
switch position, command the switches to move when a 
mode or gun change is selected, and provide the proper 
handshaking signals to insure that no damage to 
equipment will occur due to an improper switch 
configuration or uncommanded switch motion. The 
switching system will also notify each individual sector 
interlock system of the switch configuration in order to 
route faults to the proper destination. 

Modes 
The following mode descriptions are used: 

Mode 0 - K3 Down Mode 1 - Kl Down 
Mode2 -K2Down Mode3 -TestRoom 
Mode4 -Normal 

Using Mode 1 as an example, Figure 4 assumes 
klystron one (Kl) has failed and is no longer able to 
support its normal operating functions. In this case, Kl 
Down Mode, when selected, reconfigures the switching 
system to direct klystron three (K3) output power to drive 
the selected load. 

Figure 4: Mode 1 -Kl Down display 

LEVAC TEST STAND AND OPERATOR 
TRAINING 

The injector test stand was originally developed for the 
purpose of testing and commissioning new thermionic rf 

guns and injector components. Over time, the room 
evolved into a mini linear accelerator. The test stand holds 
similar components and in many ways mirrors the main 
linac injector. For example, control screens and machine 
protection systems are the same. As you might expect, 
having an area like this with similarities of the main 
injector would be ideal for operator training and testing, 
especially when the main injector is used 95% of the time 
for top-up operations. 

Component Testing 
To date, three new thermionic rf guns have been 

commissioned, and preparations are now being made to 
test a new gun, designed by John Lewellen, called the 
bunch ballistic compression (BBC) rf gun. This gim uses 
three independently powered and phased rf cavities, and 
either a thermionic cathode or a photocathode. 

CONCLUSION 
The new linac interiock upgrade and the use of the 

PEM procedures for equipment startup and configuration 
switching have proven to be very reliable, making the job 
of the control room operator much easier. In addition, this 
work has contributed significantly to the success of 
experimental programs component testing and will soon 
contribute to operator training. 
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BIDIRECTIONAL COUPLER OPTIMIZATION 
IN WR284-TYPE WAVEGUIDE* 

T.L. Smith^ G. Waldschmidt, A. Grelick, S. Berg 
Advanced Photon Source, Argonne National Laboratory 
9700 South Cass Avenue, Argonne, Illinois 60439 USA 

Abstract 
In the Advanced Photon Source linac gun test area at 

Argonne National Laboratory a new S-band ballistic 
bunch compression (BBC) gun is being tested [1]. It was 
determined that a WR284 waveguide bidirectional coupler 
with a directivity of greater than 30 dB and a coupling of 
-57 ± 1 dB was desired for evaluation of waveguide rf 
power conditions. Numerical simulations were performed 
using the High Frequency Structure Simulator (HFSS) [2] 
and experimental models were buih to determine the 
optimal dimensions of the bidirectional coupler assembly 
and the orientation of the loop coupler element. Magnetic 
and electric fields in the coupler were adjusted by 
modifying the coupling of the fields as well as the 
capacitance of the coupling loop. 

INTRODUCTION 
The rf operating frequency of the APS linac is 2.856 

GHz [3] with waveguide peak power greater than 
200 MW. The WR284 bidirectional coupler used is a 
high-power, high-vacuum design commercially obtained. 
The coupler is being redesigned in order to improve 
performance in the linac gun test area, to gain better 
control of the performance of the directional couplers 
used for linac operation, and to acquire proper knowledge 
to fabricate future bidirectional waveguide couplers in 
WR340-type waveguide. 

MEASUREMENT SETUP AND 
PROCEDURE 

The tests were performed using an HP8510 network 
analyzer. The test setup consisted of two WR284 
waveguide-to-N-type transitions, two WR284 waveguide 
straight pieces, and a 6.5-inch waveguide adapter piece 
shown in Fig. 1. The waveguide straight pieces were 
inserted between the directional coupler and the 
transitions to ensure that any residual fields in the coax- 
to-waveguide transition would not be included in the 
measurements. Network Analyzer calibration and proper 
rf measurement techniques are essential to achieve 
accurate data results [4]. 

The 99.5% pure alumina ceramic windows that were 
used had a permittivity of 9.6 and veiy low loss. For test 
purposes, the windows were not brazed in the housing to 
facilitate changes made to the coupler assembly. If an 
unbrazed window moves during the rf measurements, the 

data may be inaccurate and nonrepeatable. Therefore a 
spring assembly, shovm in Fig. 2, was devised to 
temporarily hold the windows and the coupler elements in 
place and to ensure good electrical contact during the rf 
measurements. 

Figure 1: The rf measurement setup. 

*Work supported by U.S. Department of Energy, Office of Basic 
Energy Sciences, under Contract No. W-31-109-ENG-38. 
^tls@aps.anl.gov 

Figure 2: Coupler with spring assembly. 

COUPLER PARAMETERS 
In the process of tuning the coupler assemblies for 

maximum performance, a number of parameters were 
adjusted, as shown in Fig. 3. The resultant change in the 
coupler was evaluated as a function of these variables. 

The rf data were taken after the following changes were 
made to the directional coupler assembly (see Fig. 4): iris 
diameter was enlarged, different disc thicknesses were 
placed imder the ceramic window to vary the iris height, 
different spacer thicknesses were placed above the 
ceramic window to change the pickup height, different 
coupling elements were used, and element coupling loops 
were bent to different angles. 

The directivity of the coupler is most dependent upon 
the orientation of the coupler element with respect to the 
transverse plane of the waveguide. In the test set-up, the 
coupler element may be freely rotated within the window 
assembly. It was determined that the best isolation 
occurred when the pickup bend was oriented 
approximately 10° from the transverse plane toward the 
direction of power flow. However, the precise angle is 
dependent upon the permittivity of the ceramic window 
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that is used. In the case where a vacuum seal is not 
necessary and an air dielectric is essentially all that 
separates the coupler element from the waveguide, a 28° 
angle produced the best results. 

The coupling is moderately dependent upon the iris 
height and pickup height. It varies about 1 dB per 0.01 
inches for the iris height and about 0.5 dB per 0.01 inches 
for pickup height. However, the coupling is mostly 
dependent upon the iris diameter. The iris diameter does 
not strongly affect the directivity and, as a result, may be 
adjusted nearly independently of the directivity. 

For optimal tuning, the pickup distance, pickup height, 
and iris height were modified to observe trends. In some 
cases, their effect on the overall operation was found to 
vary depending on the exact orientation of the coupler 
element, as will be discussed in the next section. 

MEASUREMENT AND SIMULATION 
DATA 

Since the coupling does not vary as substantially as the 
isolation when the coupler is rotated, the angle producing 
maximal isolation also creates maximal directivity. 
However, the response is very sharp and requires precise 
positioning. The process of tightening the coupler can 
make perceptible changes in these values, and care must 
be taken to limit the error. Figure 5 shows a plot of the 
measured and simulated directivity for 180° of rotation of 
the coupler element. The angle is calculated from the axis 
of the pickup to the transverse plane of the waveguide. 

The original coupler assemblies produced a coupling 
value that was lower than the required level. Increasing 
the housing iris diameter in both ports by 10%, from 
0.312 inches to 0.345 inches, increased the coupling by 
approximately 4 dB. 

Directivity VS. Ctxjpler/Vigle 

IH 

Figure 3: Electric field magnitude in coupler element. 
Parameters associated with the simulations and 
measurements are defined as follows: PH: Pickup Height, 
PD: Pickup Distance, ID: Iris Diameter, IH: Iris Height. 

DISC 
(below window) Element 

holdHJown 
Spacer 

{above window) 

Figure 4: Coupler components. 

Coupler Angle (deg) 

Figure 5:   Directivity with respect to element angle of 
rotation from simulated and measured data. 

Adding discs under the window to change the iris 
height did not make large changes to the directivity. 
However, adding several 0.006-inch spacers above the 
window caused substantial changes in the directivity as 
shown in Table 1. 

Table 1: Effect on the Directivity Due 
to Increase in Pickup Height above the 
Nominal Value of 0.265 inches 

Spacer Directivity 
No spacer 30.3 dB 

0.006" 31.4 dB 

0.012" 33.2 dB 

0.018" 36.2 dB 

0.024" 31.6 dB 

0.030" 29.4 dB 
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Simulation results found that the effects of the pickup 
distance and the pickup height were dependent on the 
orientation of the coupler element. If the coupler element 
was imprecisely oriented by more than half of a degree, 
some of the parameters shown in Fig. 3 produced 
differing effects. 

For precisely aligned coupler elements, an increase in 
the pickup height was found to increase the directivity up 
to 6 dB. A change in the pickup distance showed little 
change in directivity once a minimum distance was 
reached and before tiie distance became too great. For 
coupler elements that were slightly off the optimal 
orientation, an increase in the pickup height had little 
effect. Also, the directivity became much less uniform 
and began to degrade as the pickup distance was adjusted. 

Optimized dimensions for the directional coupler 
assembly are shown in Table 2. A plot of the surface 
current can be seen in Fig. 6. The coupler element is 
rotated to achieve maximum isolation from forward- 
directed power traveling into the page. In this figure, the 
waveguide is, in fact, excited with a field traveling out of 
the page. The field plot shows the coupling of the fields 
into the large signal port and the small resistive port. 

Table 2: Optimal Parameters Determined 
from Simulations with HFSS 

Parameter Dimension 
Angle 11.75° 
Iris Diameter 0.4 in 
Pickup Distance 0.025 in 
Iris Height 0.065 in 
Pickup Height 0.286 in 

JI4A] 

a 
6.1fi8Se-002 
S.4S«e-002 
4.8ZUe-C02 
4.147Se-U02 
3.47386-002 
2.8OOle-O02 
2.1264e-00Z 
1.452ee-00Z 
7.79086-003 B 1.05406-003 

CONCLUSIONS 
Opening the iris diameter was necessary to achieve the 

desired increase in coupUng. The iris diameter does not 
strongly affect the directivity and, as a result, may be 
adjusted nearly independently of the directivity. It was 
found that the coupler is highly sensitive to the orientation 
of the pickup loop and must be precisely aligned. In 
addition, the location of the pickup above the coupling iris 
was a major contributing factor to optimizing the 
performance of the coupler. The experimental and 
simulation results that were presented will also aid in the 
fiiture development of bidirectional couplers in the 
WR340 waveguide. 
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Figure 6: Surface currents on the pickup and inner 
conductors, and electric field vectors along a cross section 
of the coupling element. 
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CALIBRATION OF RHIC ELECTRON DETECTORS* 

P. He^ H.C. Hseuh , D. Gassner, J. Gullotta, D. Trbojevic , S.Y. Zhang 
Collider-Accelerator Department, BNL, Upton, NY 11973, USA 

Abstract 
To characterize the electron cloud in RHIC, eleven 

custom electron detectors have been designed, fabricated 
and installed at a few RHIC warm-bore vacuum sectors 
for data collection during FY2003 runs. Prior to 
installation, the transmission and collection efficiencies of 
these detectors at various grid and collector bias voltages 
were measured using an electron gun with energy up to 
1500 eV. This paper describes the design of the detector 
and the test system set-up, and summarizes the calibration 
results. In addition the calibration of a commercial micro- 
channel plate is also reported. 

INTRODUCTION 
The Brookhaven Relativistic Heavy Ion Collider 

(RHIC) consists of two counter-rotating rings, labeled 
Blue and Yellow. During the FY2001/2002 physics runs, 
which included gold on gold and gold on protons, 
unwanted vacuum pressure rises occurred as the beam 
intensity increased (the number of ions per bunch was 
continually increased up to the design value of lO') in 
both 55-bunch and 110-bunch filling patterns [1]. These 
pressure "bumps" primarily occurred in the warm bore 
sectors, most notably at the interaction regions. The 
observed relevant factors include bunch intensity, bunch 
spacing, beam loss, and less understood, the locations. 
Electron multi-pacting appears to be the dominant 
mechanism and diagnostics are needed to correlate these 
vacuum pressure bumps with the electron cloud. Since no 
dedicated electron detectors were available in the RHIC 
FY2001 run, the coherent tune shift along the bunch train 
was used to detect the electron cloud density [2]. Some 
complications, however, may make this approach less 
reliable. The more straightforward way to detect the 
electron cloud will the use of electron collectors placed at 
the intersection region or at the warm bore. These electron 
detectors allow the measurement of both the electron line 
density and the energy spectrum of the collected 
electrons. A comparison between electron density and the 
observed pressure rise can provide valuable information 
in understanding the pressure rise. 

For this goal, eleven custom electron detectors are 
installed in the RHIC tunnel for data collection during 
FY2003 runs. The majority of electron detectors were 
installed at IR12, IR2 (interaction region) and adjacent 
insertion sections, where most vacuum bumps occurred 
(Fig.l). Prior to installation, the transmission and 
collection efficiencies of these detectors at various grid 
and collector bias voltages were measured using an 
electron gun with energy up to ISOOeV. This report will 

present the design of the detector, the laboratory test set- 
up, and the preliminary bench test results. 
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Figure I. Electron detectors located at RHIC wami bore. 

INSTRUMENTATION 
Two types of electron detectors were evaluated, the 

BNL design and a commercial micro-channel plate. 

BNL Electron Detector(ED) 
An electron detector, similar to ANL's Retarding- 

Field Analyzer(RFA) [3], was developed to measure the 
electrons produced at RHIC. A schematic of the electron 
detector is shown in Fig.2. 

iOOkOliHi 

^ 
< tlloicriisii -l! Ah       Sco|lc 
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Figure 2. Schematic diagram of the electron detectors. 

The detector, mounted normal to the beam line, consists 
of three layers, two 118mm diameter mesh grids (stainless 
steel with -80% transmission) and a collector plate of 
equal diameter. Additionally, the mounting port is RF- 

*Work perfomed under contract number DE-AC02-98CH10886 with the auspices of the US Department of Energy 
T Email: phe@bnl.gov 
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shielded, as are all beam-line ports and bellows in RHIC, 
using a groimded screen with 23% transmission to allow 
for the passage of beam image currents. The outermost 
grid is grounded to present a uniform field to the 
incoming electrons while the second grid can be used to 
impose a retarding or repelling field by applying a bias 
voltage (Vs) to scan electron energy. The collector is 
biased at a DC voltage +45 V with a battery to increase the 
collection efficiency. The assembled detector was 
mounted on a 6 %-inch Conflat flange with four SHV 
feedthroughs. 

MicroChannel Plate (MCP) 
The other type of electron detector uses a 

microchannel plate (MCP) to obtain a high gain output 
signal. The MCP (Fig.3) is a Imm-thick sheet of lead 
glass with a honeycomb pattern of 25nm-diameter holes. 
It has ~ 10* channels, with a glass surface area of ~lm^ 
The length/diameter aspect ratio of each channel is 40' 
The electron gain at 900 volts is > 4x10^ The MCP is 
vacuum compatible, but requires a long pump down 
period. The CEMA Model 6025MA detector assembly 
contains one MCP and a metal anode readout mounted 
using stainless steel hardware. The assembly is bakeable 
to 300°C. The specifications are shown in Table 1. 

E-gun- 

I 

Figure 3. MCP and MCP-anode assembly. 

Table 1. Electrical Characteristics of Detector 
Electron Gain(a),900 Volts: 
Bias Current(a!900 Volts: 
Resistance: 
Dark Noise: 
Linear Output Current Density: 
(|iA/cm^) 

4x10 Minimum 
3-125 nA 
7-30 MQ 
5x10"" A Max. 

Typically 10% of 
Bias Current Density 

TartChaipbcr 

1 -,-,*»-„_• 

^^rAmSM- 

i-t>-H 
^   .■ln..*v^.«ld..fl«1,, l4tr^^ 

EbdrniDttcfcr 

Bi^Po»«Supply E^^fa^is^^ 

Figure 4. Bench test system set-up. 

BNL Electron Detector 
The first test measured the collector current as a 

fiinction of electron energy. Measured results were similar 
to manufacturer's published values (Fig.5). 
Typical Perfonnance(Manual) Btnch Test ResultsOMeasured) 

2S) 

30 

m 

n 

a 

EtamCunrtvs.Eneraf 

B 

..-^^*'^"" ^ 
■■■-'     .^ 

■4-Ita 

.,.flB_ :r    ^ 
3B          <D          a         HI         BO       13 

Some Cmreivt' 1.72 A;Somce Vollige = 1.52 7      Somce Cmrent = li3 A; Some Voltage = 1.40 V 
Working Distiiice= 30 mm Woftmg DisSnce = 84 nm 

Ckareber Pressm = 3.0 xl 0(-6) Toir Clumbei Pretsm = 13 il0(-7) Ton 

Figure 5. Beam current vs energy. 

The second test characterized the filtering ability of 
the device by measuring the collector current while 
varying the grid bias voltage (Vlg) for primary electron 
energies (Ue) of 5, 20, 50, 100 and 500 eV. The device 
shows good resolution, even at the low electron energies 
produced by electron clouds. The output is reasonably 
flat, as expected, where Vlg < Ue, with good drop-off for 

BENCH MEASUREMENTS 
For bench measurements, each detector was installed 

in a vacuum chamber tee with a 127mm diameter, the 
same as RHIC warm-bore beam pipe. The vacuum 
chamber tee includes the RF screen required for RHIC 
beam lines. The test chamber set-up is shown in Fig.4. 
The electron gun was mounted opposite the detector with 
the electron beam impacting normal and 
approximatelynon-divergent. The distance from chamber 
center to collector is 84mm. 

- Bias vcttage on Grid 1 

Figure 6. Current obtained as a fimction of Vlg 

Vgl > Ue, at which point electrons are unable to pass the 
grid and reach the collector. 
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MCP-Anode Assembly 
Due to saturation effects, the CEMA Model 6025MA 

detector assembly only works with pulsed beams. 
Unfortunately, the existing electron gun (FRA-2X1-1) 
does not have a pulse mode option, so a pulse generator is 
used to power a small light source. The visible blue light 
passes through a quartz view port to the MCP's anode 
plate. The test chamber is evacuated to 2.0x10"* Torr and 
held for IShours to thoroughly degass the assembly. Upon 
initial start-up, the CERA model electrical test procedure 
[4] is followed with the typical wiring diagram shown in 
Fig.7. Fig.8 gives the output signal of the MCP for 
selected voltages of Va=0.9kV and Vo=1.0kV. The plot 
of anode current vs Va (maintaining Vo=1.0kV) is shown 
in Fig.9. 

Vi 
Ground 

IkV 
Va 

Vo    
1.05kVto 1.5kV 

Figure 7. Typical bias settings for MCP. 

MCP Output Signal 
Va=OV;Vo=OV Vff=0.9kV; Vo=1.0kV 

show the transmission of the BNL electron detector is 
between 0.04-0.08 over a wide range of energies. 
Varying the grid voltage will repel low energy electrons, 
allowing measurement of the energy spectrum of 
collected electrons. Also a commercial MCP-anode 
assembly has been tested and by selecting the appropriate 
voltages of Va and Vo, a reasonable output signal can be 
observed. 

Eleven electron detectors and one MCP-anode 
assembly have been installed in RHIC warm bore sectors 
and will be used to characterize the RHIC electron cloud 
during the FY 2003 run. 

ACKNOWLEDGEMENTS 
The authors would like to thank C-A Vacuum Group in 
setting up the test chamber system. 

REFERENCES 
[1] S.Y. Zhang, BNL Report No. C-A/AP/67,2002 
[2] W. Fischer, J.M. Brennan, M. Blaskiewicz, and 
T. Satogata, Phys. Rev. ST-AB, Vol.5,124401(2002). 
[3] R.A. Rosenberg and K.C. Harkay, Nucl. Instr. Meth., 
A453, 507(2000) 
[4] http://www.burle.com/cemastart.htm 

Figure 8. MCP output signal for two voltage (Va ,Vo) 
settings. 

Figure 9. Output current vs Va. 

SUMMARY 
Two types of electron detectors were evaluated for use 

in studying electron cloud effects in RHIC. Bench testing 
was used to make preliminary measurements. Results 
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Abstract 
The collimation system in the SNS ring includes a two- 
stage collimator consisting of a halo scraper and an 
appropriate fixed aperture collimator. This unit is placed 
between the first quadru-pole and the first doublet in the 
collimation straight section of the ring. The scraper is 
situated at the exact mid-point between these two 
magnets, and the fixed aperture collimator fills the space 
between the scraper and the doublet magnet. The scraper 
and collimator are surrounded by an outer shield 
structure. The downstream dose to the doublet and the 
attached corrector magnet will be estimated for normal 
operating conditions. In addition, the cooling water 
activation will be estimated. Finally, the dose at the 
flange locations will be estimated following machine 
shutdown. 

INTRODUCTION 
A two-stage halo cleaning system, consisting of a beam 
scraper and primary fixed aperture collimator are placed 
between the first quadru-pole and the first doublet in the 
coUiination straight. Halo particles that are intercepted by 
the scrapers undergo sufficient Coulomb scattering to 
either deflect them directly into the primary collimator or 
one of the other collimators in the collimation straight. If 
the scattered particles are not intercepted on the first pass 
they will generally be intercepted within the next few 
circuits around the ring. The scraper is placed at the mid- 
point between these magnets, and the collimator is placed 
between the scraper and the doublet. A schematic of the 
configuration described above is shown on Figure 1. The 
scrapers will be placed at approximately 140 nmm-mrad, 
and the fixed aperture of the collimator will be at 
approximately 300 nmm-mrad. The beam shape at this 
position is highly elliptical, and thus the beam tube of the 
collimator will be elliptical with y/2=48 mm, and x/2=79 
mm, respectively. The length of the elliptical section of 
the collimator tube is 1.8 m, and the overall length 
including transition pieces and end shielding is 2.463 m 

All flux, and heat deposition were determined by the 
MCNPX code [1]. The activation estimates were carried 
out using fluxes determined by MCNPX, nuclear data 
from the CINDER90 library [2], and transmutation 
determinations by a suitably modified version of the 
ORIGEN code [3]. 
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Figure 1: Beam scraper and fixed aperture primary 
collimator 

The scraper consists of tantalum pieces 0.5 cm thick in 
the direction of the beam, 1.0 cm high, and 5.0 cm wide. 
This piece is welded to a water-cooled copper block, 
which in turn is attached to a mechanism to allow motion 
in and out of the beam. Figure 2 shows a detail of the 
scraper mechanism The four scraper surfaces, chain 
drives, motors, and vacuum chamber can be seen. The 
scraper mechanism is mounted on three pins, which in 
tum are attached to a pedestal. Each scraper is 
individually cooled, and the water temperature, flow rate, 
and pressure are monitored. The fixed aperture 
collimator consists of a double walled Inconel-718 [4] 
tube, surrounded by a water-cooled bed of stainless steel 
spheres, which in tum is surrounded by a stainless steel 
shield. This entire configuration is contained in a pressure 
vessel. Cooling water flows through the particle bed 
cooling both the spheres and the outer surface of the outer 
Inconel-718 collimator tube. The space between the inner 
and outer Inconel-718 tubes is filled with pressurized 
helium and a copper wire wrap. The scraper mechanism 
and the collimator will be mounted on a common pedestal 
in order to ensure alignment, regardless of floor motion. 
Both components are enclosed in an outer iron shield that 
reduces dose to the tunnel environment during operation. 
Due to the proximity of the shield to the magnet, non- 
magnetic material must be used in this location. 

The loss distribution of scattered particles along the inner 
surface of the collimator tube is required to determine the 
resulting doses to surrounding components and is given 
as a percentage of the particles lost on the tube surface in 

0-7803-7738-9/03/$17.00 © 2003 IEEE 1428 
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Table 1: Dose to Flanges while Machine is Operating 
(rad/yr) 

Figure 2: Beam scraper mechanism 

Figure 3. It is seen that there is a relatively high loss (~ 
10 %) at the entrance to the coUimator, and the bulk of 
the collimator has a relatively constant loss of ~ 4.4 %. 
This loss profile is used as input to the Monte Carlo code 
MCNPX. 

•     *     »     •     •     ♦     ♦»*^- 

Z - Direction (m) 

Figure 3: Primary collimator loss profile 

RESULTS 
In this section we will discuss the estimated results of 
doses to the flange areas on either side of the collimator 
and scrapers, to the scraper drive motors, and the 
downstream magnets. In addition the activation of the 
components, and subsequent dose to the flange areas due 
to decay gamma-rays following machine shutdown, will 
be estimated. The loss fraction under normal operating 
conditions in the ring is assumed to be 0.001 of the 
circulating beam; of this, 5% is lost on the scrapers, and 
30% is lost on the inner surface of the primary collimator. 
Thus, the loss fraction on the scrapers is 0.00005, and the 
loss fraction on the collimator is 0.0003. Furthermore, 
the assumption will be made that the machine is operating 
at 2 MW for one year (defined as 250 days, or 2.16x10^ 
seconds). 

During normal operation of the machine the dose for one 
year is given below at the four locations of interest. 

Location 
Description 

CoUimator 
Dose 

Scraper 
Dose 

Total 
Dose 

Flange 
upstream of 
scraper 

1.20(5)* 1.71(6) 1.83(6) 

Flange 
dovrastream of 
scraper 

4.87(5) 7.54(6) 8.03(6) 

Flange 
downstream of 
collimator 

2.47(7) 2.47(7) 

Magnet 
downstream of 
collimator 

4.83(7) 4.83(7) 

*1.20(5)= 1.20x10" 

Assuming that the magnet insulation is Kapton, and 
assuming that its life is approximately 2(9) rads, then the 
magnet life under normal conditions should be ~ 40 years. 
Assuming that the entire ring loss fi-action takes place in 
the primary collimator, or the overall ring loss increases 
by approximately a factor of three, the dose to the magnet 
increases to 1.6(8) rads, and the implied life of the 
magnets would be reduced to ~ 12 years. 

Following machine shutdown the level of radiation at the 
flanges is of interest, since they may have to be accessed 
for maintenance purposes. An estimate was made of the 
potential dose at the flange locations following one year 
of operation. The estimated dose at the four locations 
described above, immediately following shutdown, are 
given below. 

Table 2: Dose to Flanges Followdng Machine Shutdown 

Location Description 
Dose 

(uuad/hr) 
Flange upstream of scraper 84 
Flange downstream of scraper 5025 
Flange downstream of collimator 490 
Magnet downstream of coUimator 790 

It is seen that the dose to the flange located between the 
scraper and the coUimator is quite high, and a decay 
period would be advisable before maintenance activities 
are carried out. If the loss in the ring were concentrated at 
the primary collimator the dose values would increase by 
approximately a factor of three. 

An estimate of the reduction in the above values 
following a decay period can be obtained by determining 
the reduction in activation for both the tantalum scrapers 
and the stainless steel collimator components. The 
normalized activation decay for representative volumes of 
these two components is given below. 
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Table 3: Decay of Activation of Tantalum and Stainless 
Steel Following Machine Shutdown 

Material Time following machine shutdown       1 

0.0 4hrs. 1 day 7 days 
30 

days 
Stainless 
Steel 1.0 0.776 0.677 0.537 0.328 
Tantalum 1.0 0.462 0.284 0.125 0.061 

These estimates indicate that the coUimator will decay at 
a much slower rate than the scrapers. However, if a 
decay period of approximately one day is allowed in the 
maintenance schedule, then the dose should be reduced 
by ~ 50 %. 

The dose to the scraper drive motors while the machine is 
operating is of concern, since eventually a high enough 
dose will compromise the motor insulation. Estimates of 
dose at the motor location were made, assuming that 5 % 
of the loss occurs on the scrapers, and an iron shield was 
inserted between the scraper mechanism and the motors. 
Two values for the shield thickness were assumed, and 
the corresponding doses estimated. Results are given 
below, and indicate that an iron shield of nominal 
thickness implies an acceptable motor life, assuming the 
same radiation damage resistance as that given above for 
the magnets. If the loss increases to the maximum ring 
loss, the dose values increase by a factor of 20, and the 
condition of the drive motors should be monitored. 

Table 4: Dose to Scraper Drive Motors 

Iron Shield Thickness (cm) Dose (rad/yr) 
15 1.1(5) 
30 5.5(4) 

An estimate was made of the residual activity in the 
collimator and scraper cooling water immediately after 
shutdown and following 4 hours of decay time. These 
estimates assume that the ring loss is confined to the 
primary collimator and the machine operation for one 
year. The scraper activity is estimated by scaling off the 
values obtained for tiie collimator. Immediately 
following shutdown, the activity is dominated by the 
short half-lived isotopes 0-15, N-16, C-11, and B-12. 
After a 4 hour decay period the dominant contributors to 
the activity are Be-7, and C-14. Note is also taken of H-3, 
although its total activity is low, and its contribution to 
the overall activity marginal. 

Table 5: Residual Activity of Collimator Cooling Water 
Four Hours after Machine Shutdown (Curies) 

Isotope Activity 
Tritium (H-3) 2.6(-8) 
Beryllium (Be-7) 6.1(-2) 
Carbon (C-14) 2.2(-5) 

Scraper cooling water activity is a fraction of the above 
collimator cooling water activity. A direct scaling of the 
activity by the loss fraction woidd result in a reduction of 
the above values by a factor of six. However, this 
reduction is optimistic, since the collimator water is 
exposed to the high-energy particles while in the scraper 
the geometric arrangement essentially precludes tiiis 
interaction. 

CONCLUSIONS 
The following conclusions can be drawn from this study: 

1) The loss profile along the fixed aperture collimator is 
biased to the upstream end, and thus affects the 
flange between it and the beam scraper. 

2) Dose estimates while the machine is operating will 
require the exchange of the downsfream magnets at 
least once during the life of the machine. 

3) Dose to the scraper drive motors is likely to be low 
enough to ensure that they will operate for the 
machine Ufe. 

4) Maintenance work on the flanges will best be carried 
out following a decay period of at least one day to 
one week, in order to reduce the dose to the workers. 

REFERENCES 
[1] MCNPX Users Manual-Version 2.1.5, L.S. Waters, 

ed., Los Alamos National Laboratory, Los Alamos, 
NM, TPO-E83-G-UG-X-00001 (1999). 

[2] W.B. Wilson, "Accelerator Transmutation Studies at 
Los Alamos with LAHET, MCNP, and CINDER- 
90," Los Alamos National Laboratory, Los Alamos, 
NM, LA-UR-93-3080 (1993). 

[3] A.G. Croff, "ORIGEN2 - A revised and updated 
version of the Oak Ridge isotope generation and 
depletion code," Oak Ridge National Laboratory, 
Oak Ridge, TN (1977). 

[4] W. Sommer, R. Werbeck, S. Maloy, M. Borden, and 
R. Brovra, "Materials selection and quahfication 
processes at a high-power spallation neutron source," 
Materials Characterization, 43,97 - 123 (1999). 

ACKNOWLEDGEMENTS 
SNS is managed by UT-Battelle, LLC, under contract 
DE-AC05-00OR22725 for the U.S. Department of 
Energy. SNS is a partnership of six national laboratories: 
Argonne, Brookhaven, Jefferson, Lawrence Berkeley, 
Los Alamos and Oak Ridge. 

1430 



Proceedings of the 2003 Particle Accelerator Conference 

VIBRATION STUDIES ON A SUPERCONDUCTING RfflC INTERACTION 
REGION QUADRUPOLE TRIPLET * 
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Abstract 

Mechanical vibrations of the superconducting interac- 
tion region triplets have been identified as source of hor- 
izontal beam jitter around 10 Hz in the Relativistic Heavy 
Ion Collider (RHIC). Therefore, cold masses inside one 
triplet cryostat have been equipped with accelerometers to 
further investigate the phenomenon. Additionally, helium 
pressure transducers have been installed to determine he- 
lium pressure oscillations as a possible primary vibration 
source. Recent results will be reported. 

INTRODUCTION 

The Relativistic Heavy Ion Collider (RHIC) consists 
of two superconducting storage rings ("Blue" and "Yel- 
low") that intersect at six equidistantly-distributed loca- 
tions around the 3.8 km machine circumference, as shown 
in Figure 1. During machine operation, horizontal orbit 
jitter at frequencies around 10 Hz can be detected in both 
rings [1]. The amplitude of this beam oscillation corre- 
sponds to 5... 10 percent of the rms beam size for a Qa 
normalized emittance of e = lOvrmmmrad at any BPM 
around the ring, pointing at multiple noise sources. A spec- 
tral analysis of this orbit jitter also revealed that spectra in 
both beams are practically identical, see Figure 2, indicat- 
ing common vibration sources in both rings. 

Since the two RHIC rings share only very few common 
magnetic elements IRs while the DO dipoles and the arcs 
are completely independent (Figure 3), it was soon found 
that the beam jitter was caused by mechanical vibration of 
the interaction region triplets which are separate for both 
beams but share a common cryostat. Figure 4 shows si- 
multaneously measured spectra of horizontal orbit jitter in 
the "Yellow" ring and of the mechanical vibration of the 
4 o'clock triplet. Taking into account the RHIC optics it 
was shown that the observed jitter amplitudes cannot be ex- 
plained by the amplitudes measured on the triplet cryostats, 
but are rather caused by independent vibration of the vari- 
ous cold masses within the cryostat [2]. 

Since this beam jitter may potentially lead to emittance 
growth and therefore luminosity degradation due to modu- 
lated beam-beam offsets at the interaction points, it is very 
desirable to find and eliminate its source. We therefore cal- 
culated and measured mechanical vibration frequencies of 
a triplet, and investigated helium pressure oscillations in 

* Work perfonned under contract number DE-AC02-98CH10886 with 
the auspices of the US Department of Energy 

t montag@bnl.gov 
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Figure 1: Schematic overview of RHIC with its six interac- 
tion regions. 

the cryogenic system as a possible source. 

MECHANICAL RESONANCES 
Each RHIC triplet cryostat contains the cold masses of 

three quadrupoles (QI, Q2, and Q3) and one dipole (DO) 
per ring, eight cold masses in total. Each cold mass is sus- 
pended on two posts, which for mechanical considerations 
are regarded as springs, see Figure 5. The connection be- 
tween cold masses is designed to allow independent trans- 
verse motion, while it is stiff in the longitudinal direction 
[3]. Coupled motion of the cold masses can therefore be 
neglected. 

The configuration with two posts allows for two oscilla- 
tion modes per cold mass, a dipole mode with resonance 
frequency fd = ^2£>/m and a quadrupole mode with res- 
onance frequency /, = ^/2Ds^/@. Here, D denotes the 
spring constant of the posts, m the mass of the cold mass, s 
the distance from the center of the cold mas to the location 
of the post, and 0 the moment of inertia of the cold mass. 
The latter can be calculated as 

e m B?     mL^ 
■ + (1) 4 12 ' 

where the cold mass is modelled as a solid cylinder with 
length L and radius R. The parameters of the various 
quadrupole cold masses as well as the resulting resonance 
frequencies fd and /, of the two modes for a spring con- 
stant of the posts of £) = 1.0 • 10'' N/m are listed in Ta- 
ble 1. As this shows, mechanical resonance frequencies are 
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Figure 3: Schematic view of a RHIC interaction region lat- 
tice. Both beams collide head-on at the interaction point 
(IP) and are separated by the DX dipoles. Both orbits 
are bent back to an almost parallel direction by the DO 
dipoles. Strong focusing is provided by superconducting 
triplets consisting of the quadrupoles Ql, Q2, and Q3. 

Figure 2: Simultaneously measured horizontal orbit vibra- 
tion spectra in the BLUE (top) and YELLOW (bottom ) 
RHIC rings. 

Ql Q2 Q3 
m/kg 1130 2580 2260 
R/m 0.35 0.35 0.35 
L/va 2.24 4.90 4.37 
l/m 1.44 3.39 2.10 

fc/m-2 -5.76-10-2 5.61 • 10-2 -5.57-10-2 
s/m 0.49 1.44 1.19 

0/kgm2 481 5182 3614 
/9/m 404 551 248 

/d/Hz 21.2 14.0 15.0 
/,/Hz 15.8 14.3 14.1 

Table 1: Mechanical parameters of the quadrupole cold 
masses in the triplet, together with the corresponding /?- 
functions, magnetic lengths I, and magnet strengths k for 
^* = 2mattheIR 

close to those observed on the beam and on the outside of 
the triplet cryostats. It was therefore attempted to directly 
measure the mechanical resonance frequencies of the cold 
masses by attaching an accelerometer to the inside of the 
beam pipe and measuring the frequency response to a me- 
chanical excitation. This measurement revealed dominant 
frequency lines at 9.75,14.0,16.0, and 19.5 Hz. Except for 
the lowest frequency at 9.75 Hz, these frequencies are con- 
sistent with the mechanical resonances calculated earlier. 

HELIUM PRESSURE OSCILLATIONS 

To investigate the origin of the observed triplet vibra- 
tions, helium pressure oscillations in the RHIC cryogenic 
system were measured. Pressure transducers were installed 
in the five helium transfer lines (supply (S), retum (R), util- 
ity (U), heat shield (H), and magnet (M) line, see Figure 6) 
at the "6 o'clock" valve box and at the six power lead ports 
of the "6 o'clock" quadrupole triplet crystat. 
The magnet line (M) showed a helium pressure oscillation 
at 10.7 Hz, Figure 7, while no significant oscillations could 
be detected at the other lines. This frequency was also mea- 
sured at the power lead ports at the triplet cryostat. This 
pressure oscillation is caused by the helium recirculator 
and vanishes when the circulator is turned off. However, 
though the frequency of this oscillation is very close to the 
mechanical vibration detected on the triplet cryostat as well 
as the orbit jitter frequency of the RHIC beam, it could not 
yet be positively confirmed as the root cause of the magnet 
vibration and the resulting orbit oscillations. 

REFERENCES 
[1] C. Montag, M. Brennan, J. Butler, R. Bonati, R Koello, 

Measurements of Mechanical Triplet Vibrations in RHIC, 
Proc.EPAC 2002, Paris 

[2] C. Montag, M. Brennan, J. Butler, R. Bonati, P. Koello, 
Observation of Mechanical Triplet Vibrations in RHIC, 
Proc. 26th Advanced ICFA Beam Dynamics Workshop on 
Nanometre-Size Colliding Beams, Lausanne, 2002 

[3] J. Sondericker, private communication 

1432 



Proceedings of the 2003 Particle Accelerator Conference 

»15.'.33 H: 
ra'-"2.B32 d3Vfms 

PDK?R S?,?C1 lOAvQ     OSOvlp   Hann 
-20.0'       ■..,-.., 

V :^p A\ 

^' 
rxd  Y 0 Hz 
■(■b=-99.92e dBv'pirs 
30K-F1 SP-:C2 iOAVQ     CSOv^p   Hann 

-go.o'  •   - '-     ■   --■ '     - 

da 

M 
31.25 

3 Hz '       "     31.25' 

Helium Flow Diagram 
@ Valve Box & Triplet 

Figure 6: Schematic drawing of the RHIC cryo system. 
Helium pressure transducers are installed in the five trans- 
fer lines, namely the supply line (S), the return line (R), 
the utility line (U), the heat shield (H), and the magnet line 
(M). Only three of the six power leads at the quadmpole 
triplet cryostat are shown, labeled A, B, and C. 

Figure 4: Simultaneously measured beam orbit vibration 
spectra in the YELLOW RHIC ring (top) and the 4 o'clock 
triplet acceleration (bottom). 

AWWWWWWWW 

Figure 5: Mechanical model of a quadmpole cold mass sus- 
pended on two posts, indicated as springs here. 

P [psi] 

0      0.2     0.4     0.6     0.8       1 

time [sec] 

Figure 7: Measured helium pressure P in the magnet line 
("M") vs. time. A spectral analysis of this signal reveals a 
dominating frequency of 10.7 Hz. 
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MECHANICAL DYNAMIC ANALYSIS OF THE LHC ARC 
CRYO-MAGNETS 

K. Artoos, N. Bourcey, O. Calvet, O. Capatina, C. Hauviller, CERN, Geneva, Switzerland 

Abstract 
The arcs of the Large Hadron Collider (LHC) will 

contain around 1700 main superconducting dipoles and 
quadrupoles. The long and heavy magnets are placed on 
fragile composite support posts inside a cryostat to reduce 
the heat in-leak to the magnets super fluid helium bath. 
The presence of such fragile components like the support 
posts, the beam position monitors and the corrector 
magnets make the cryo-magnets very difficult to handle 
and transport. Furthermore, keeping the geometry of the 
cryo-magnets unchanged (in the range of 0.1 mm) 
throughout the various transports and handling is essential 
for the good functioning of the future LHC. 

A detailed dynamic analysis was performed to 
determine the behavior of the cryo-magnets under all the 
handling and transport conditions and to choose the 
related optimum parameters. The results of finite element 
modal calculations as well as experimental modal 
analyses are presented and compared. The maximum 
accelerations admissible during transport with several 
types of vehicle were computed. The accelerations 
experienced by both types of cryo-magnets were 
measured during real transport with different vehicles. 
The dynamic deformation of the support posts in the cryo- 
dipole was also measured. The methodologies of these 
analyses and their results are reported as well as the 
resulting specification for the transport during the LHC 
installation. 

INTRODUCTION 
The arcs of the LHC will contain a large amount of 

superconducting dipoles and quadrupoles. The arc dipoles 
installed into their cryostats, hereafter called cryo-dipoles, 
are 15 m long and have a mass of about 33 ton. The so- 
called short sti-aight sections (SSS) include main 
quadrupoles together with their correctors and the beam 
position monitors. The SSS are about 6 m long and have a 
mass of about 8 ton. 

All those cryo-magnets contain fragile components, 
such as the thin-walled support posts made of glass fiber 
reinforced epoxy, to reduce environmental heat in-leak to 
the magnets super fluid helium bath. The position of the 
magnet inside its cryostat (in the range of 0.1 mm) as well 
as the integrity of all its components are compulsory 
factors for a good functioning of the future LHC. 

The cryo-magnets dimensions and weight, the 
geometiic constraints, as well as the fragile components, 
make them very difficult to handle and transport. 

Understanding the cryo-magnets dynamic behavior is 
needed to avoid potential malfunctions provoked by 
vibrations during transport and handling. 

METHODOLOGY 
Important tools to assess the dynamic behavior of the 

cryo-magnets are numerical models of the cryo-dipole 
and the Short Straight Section. The models were first built 
with estimated parameters and then validated by 
measurements. 

Calculations 
The cryo-magnets were modeled with the finite element 

code Ansys'fM (^ef. [1], [2] and [3]). Components 
significant for the vibration behavior, i.e. cold mass, 
support posts, vacuum vessel and transport resh-aints, 
were detailed to a sufficient level. 

Figure 1: Cryo-dipole finite element model. 

Several modal analyses were performed using the 
cryo-magnet finite element models together with different 
boundary conditions representing surface, road and tunnel 
handling and transport equipments. 

Measurements 
Two types of measurements were performed: 
• modal analysis of cryo-magnets on concrete blocks 
• cryo-magnet dynamic behavior during transport 

with different types of vehicles 
The natural frequencies and the mode shapes of the 

cryo-magnets were determined with free (impact) and 
forced vibration. The harmonic and random forced 
excitation was applied by an electrodynamic shaker (see 
Figure 2) via an impedance head. Tri-axial PCB-ICP^M 
accelerometers measured the accelerations of the 
cryo-magnet components during the modal analysis. 

Figure 2: Cryo-dipole on concrete blocks modal analysis. 
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During handling and transport, the same accelerometers 
were used together with LVDT gauges that measured the 
tri-axial dynamic deformations of the support posts. 

Calculations and measurements were then combined to 
specify the maximum allowable accelerations during 
different types of handling and transport. 

Figure 3: SSS on tunnel vehicle. 

Figures shows an acceleration and support post 
deformation test of a SSS during a transport in the LHC 
tunnel. 

RESULTS 

Modal analysis 
Several cases were treated with the methods mentioned 

above. Experimental cryo-dipole and SSS modal analyses 
were performed. The natural modes were determined for 
three directions (lateral, vertical and longitudinal) up to 
50 Hz, with the cryo-magnets installed on concrete blocks 
(i.e. the boundary conditions during storage). 

The natural frequencies and the modal shapes obtained 
permitted to validate the finite element models. 

Table 1 gives an example of the comparison between 
tests and calculations, for the first four vertical modal 
shapes and natural firequencies of the cryo-dipoles 
installed on concrete blocks. 

Table 1: Example of cryo-dipole on concrete blocks 
modal analysis results - comparison tests/calculations: 

Cryo-dipole vertical 
modal shape 

Frequency 

Tests Calculations 

8 Hz 10 Hz 1 ^r^ll'^   1 
.^—^          y 16 Hz 17 Hz \j<\         TV y<il 

V 28 Hz 32 Hz [^ n TK 
\       . 1.         -* 36 Hz 34.6 Hz m—II -HIT 

The complete modal analysis of cryo-dipole and SSS 
are reported in [2], [3], [4] and [6]. 

The validated finite element models were then used to 
compute the cryo-magnets behavior, when installed on 

various types of transport units. The new modal schemes 
were calculated for the cryo-magnets under transport 
conditions, by replacing the "concrete blocks" boundary 
conditions by appropriate new boundary conditions. For 
each type of boundary conditions, corresponding to a 
given transport vehicle, a new finite element modal 
analysis was performed. 

As an example, the first four vertical modes of the 
cryo-dipole installed on a vehicle for road transport are 
presented in Table 2. 

Table 2: Example of cryo-dipole on a road vehicle modal 
analysis results: 

Vertical modal shape 

T 
.1- 

Calculated frequency 

1.9 Hz 
(rigid body motion) 

2.9 Hz 
(rigid body motion) 

13.7 Hz 

18.3 Hz 

For each identified modal shape, the maximum 
admissible acceleration at a specific point of the magnet 
was calculated from the specified maximum deformations 
of the support posts. This specific point is the point where 
accelerometers will be installed during the transport. 

Behavior during transport 

Accelerations as well as support post deformations 
were measured during several cryo-magnet transports 
with surface, road and tunnel vehicles. 

OJJ      1.0     2a     3j)     4ii     sa     GJi     7ja      BJI     9a     wa 
Time (sec) 

Figure 4: Event recorded in vertical direction during road 
transport of a cryo-dipole. 

For the cryo-dipole road transport, the most important 
vibration amplitudes in the vertical direction were 
observed at a frequency of 3 Hz, corresponding to the 
second mode identified in Table 2. 

The modes with the most important amplitudes were 
identified for the three directions. For an exhaustive hst, 
please refer to [4], [5] [6] and [7]. The measured 
accelerations and support post deformations were 
coherent. 
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Knowing the modes that are excited during a given type 
of transport, and knowing the corresponding acceleration 
limits at a given point of the cryo-magnet, global 
accelerations limits were defined for each type of 
transport. 

The accelerations measured at the extremity of the 
dipole cold mass and the support post deformations 
during road transport are presented in Table 3. They are 
compared with the maximum allowed values. 

Table 3: Maximum admissible and measured 
accelerations for a cryo-dipole road transport 

Lateral Vertical Longitudinal 

< 

Limits 5 7 4 

Tested 3.2 6.5 1.1 

if Limits 0.42 0.16 0.42 

Tested 0.05 0.12 0.05 

Table 3 shows measured values in the vertical direction 
close to the admissible limits. 

SERIAL TRANSPORT 
More than 1200 cryo-dipoles and more than 350 SSS 

will have to be transported and handled several times, and 
with different vehicles and handling devices, during the 
installation phase of the LHC. All these operations are 
critical. Table 3 indicates that the measured values in the 
vertical direction, during cryo-dipole road transport, are 
close to the limits. 

A geometry and integrity check of the cryo-magnets is 
not possible in the tunnel, prior to installation. Localizing 
and removing a damaged cryo-magnet installed in the 
tunnel, would be an important time-consuming operation. 
A detailed qualification of all the vehicles and handling 
devices that will be used during the LHC installation is 
hence needed. Each transported and handled cryo-magnet 
will also be monitored to ensure that the acceleration 
limits presented in the precedent paragraph have not been 
exceeded. A trl-axial acceleration-monitoring device will 
be placed at a specified position on each transported 
cryo-magnet. 

CONCLUSIONS 
A detailed dynamic analysis was performed to 

determine the behavior of the cryo-nragnets under all the 
handling and transport conditions. 

Finite element calculations and experimental modal 
analyses of cryo-magnets under storage conditions 
(placed on concrete blocks) were performed up to 50 Hz. 
The calculations and test results were compared and the 
finite element models were validated. 

The finite element models were then used to calculate 
the modal scheme of the cryo-magnets under various 
transport and handling conditions. The dynamic behavior 
of the cryo-magnets during handling and transport was 
also tested, and energetic modes were identified. From 
both, calculations and test results, the maximum 
accelerations admissible during transport with several 
types of vehicles were specified. 

The accelerations experienced by both types of 
cryo-magnets were measured during real transport with 
surface, road and tunnel vehicles. The dynamic 
deformations of the support posts were also measured. 
Accelerations and dynamic deformations were coherent. 

The tests have shown that it is possible to handle and 
transport the cryo-magnets without damage. Several 
measured accelerations were however very close to the 
limits. Each transported and handled cryo-magnet must 
hence be monitored to insure that the specified 
acceleration limits have not been exceeded, to avoid 
installation of damaged cryo-magnets. 

REFERENCES 
[1] https://edms.cem.ch/file/332842/l .0/TN02 11 .pdf. 

O. Calvet, C. Hauviller; "Analyse du comportement 
mecanique des cryodipoles du LHC - lere partie: 
Statique"; LHC-CRI Technical Note 2002-11 
O. Calvet, C. Hauviller; "Analyse du comportement 
mecanique des cryodipoles du LHC - 2eme partie: 
Dynamique"; LHC-CRI Technical Note 2002-12 
https://edms.cem.ch/file/352974/l/2002-003.i 

[2] 

[3] i.pdf. 
P. Cupial, J. Snamina; "The verification of the 
computational models of the LHC Short Sti-aight 
Section"; Technical Note EST-ME/2002-003 

[4] https://edms.cem.ch/file/348871/2/TN02 07.pdf. 
K. Artoos,   O. Calvet,   O. Capatina;   "Experimental 
modal   analysis   and   acceleration   measurements 
during surface transport of a LHC cryodipole"; LHC- 
CRI Technical Note 2002-07 

[5] https://edms.cem.ch/file/350433/1.0/TN02-13.pdf. 
K. Artoos, N. Bourcey, O. Capatina; "Acceleration 
and support posts deformation measurements during 
surface transport of a LHC cryodipole", LHC-CRI 
Technical Note 2002-13 

[6] https://edms.cem.ch/file/347269/2.1/TN02 06.pdf. 
K. Artoos,     O. Capatina;     "Experimental     modal 
analysis   and   acceleration   measurements   during 
transport of a LHC Short Straight Section", LHC- 
CRI Technical Note 2002-06 

[7] K. Artoos, O. Capatina, "Acceleration and support 
posts deformation measurements during surface and 
tunnel transport of a LHC Short Straight Section"- to 
be pubUshed 

1436 



Proceedings of the 2003 Particle Accelerator Conference 

DIGITAL CRYOGENIC CONTROL SYSTEM FOR SUPERCONDUCTING 
RF CAVITIES IN CESR* 

P. Quigley*, S. Belomestnykh, R. Kaplan, Cornell University, Ithaca, NY 14853, USA 

Abstract 

Effective cryomodule control and monitoring are 
essential components to successful operation of CESR 
(Cornell Electron Storage Ring). The ability to quickly 
diagnose system problems can have a dramatic effect on 
machine down time. The CESR SRF Digital Cryomodule 
control system, employing a PC and a commercial PLC 
and user interface, is presented. With these tools, system 
status is available at a glance or, if needed, detailed 
system information can be displayed. Straightforward 
configuration of PID (Proportional Integral Derivative) 
control loops, safety interlocks, signal display, and data 
acquisition is the main feature of the system. The SRF 
cryomodules have several modes of operation. For 
example, under normal machine running conditions, 
liquid helium level is regulated using a liquid- level signal 
as the process variable (PV). For cryostat cool-down, the 
flow rate of cold hehum gas returning to the refrigerator 
directly reflects cryomodule cooling rate and is a more 
useful process variable. Both these operational modes use 
the same control variable (CV): the liquid helium supply 
valve control signal. Other operational modes include 
warm-up and RF processing. This control system can be 
reconfigured quickly to meet the conditions of different 
operational modes. 

INTRODUCTION 
Previous SRF cryomodule monitoring and control at 

Cornell's Laboratory for Elementary-Particle Physics 
(LEPP) [1] has been implemented using discrete 
controllers for each loop. All control settings were 
entered at the front panel and loop behavior was also 
monitored there. The computer interface for these 
controllers was via RS232 computer interface at a one- 
minute data rate. Vacuum and cryogenic temperature 
monitoring was done with commercial vacuum controllers 
and in-house built signal processing printed circuit cards. 
Interlocks were implemented with a combination of fast 
switching circuitry and hardware relay logic. 

This discrete module control system was failure prone 
and lacked full remote capability. It has been replaced 
with a programmable logic controller (PLC) crate with ten 
modules, described in Table 1. 

Before SRF cryomodules are installed in CESR, they 
are tested in the high power test area. Because much 
experience has been gained cooling down and warming 
up CESR cryomodules in this test area, it was chosen as a 
good place to revamp the cryogenic control system. PLCs 
are widely used for industrial applications and have 
*Work supported by the National Science Foundation. 
pgql@coraell.edu 

proved to be reliable for controlling CESR Klystron HV 
power supplies. 

Table 1: CESR's ControlLogix Crate 

Slot Module Part* Description 

0 Logix5550 
Processor 

1756- 
LlMl 512KB Memory 

1 Ethernet 1756- 
ENET/B Ethernet Bridge 

2-5 Analog 
Input 

1756- 
IF16 

16 Channel Non- 
Isolated 

Voltage/Current 
Analog Input 

6 Analog 
Output 

1756- 
0F8 

8 Channel Non- 
Isolated 

Voltage/Current 
Analog Output 

7 Relay 
Output 

1756- 
0X81 

SPoint 10V-265V 
AC,5V-150VDC 

Isolated Relay 
N.O./N.C. 

8-9 Digital 
Input 

1756- 
IB16I 

16 Channel lOV- 
30V DC Isolated 

Input, 
Sink/Source 

HARDWARE 
Break-Out Box 

The cryomodule break-out box serves as the interface 
between the module and the control rack. The box houses 
DC power supplies for all cryomodule signal processors. 
It also houses the signal processors for cryogenic linear 
temperature sensors (CLTS), thermocouples, water flow, 
and linear variable displacement transducers (LVDT), as 
well as housing differential amplifiers. All but a few 
signals port through the break-out box. Standard twisted 
pair and coaxial cables link the break-out box with the 
control rack. 

Programmable Logic Controller (PLC) 
The hardware interface of the digital control is the 

Allen Bradley ControlLogix PLC [2]. The PLC crate has 
10 slots for modules. ControlLogix crates also require an 
attached power supply. 

The computer network portion of the system uses the 
Ethernet protocol and is set up as an independent 
subnetwork for RF cryogenic control. This network is 
referred to as a Virtual Local Area Network (VLAN), and 
the network architecture provides a means for qualified 
PCs to communicate while isolated from non-RF system 
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computers but maintains administrator-level access to the 
VLAN. 

Each signal is processed before it reaches the PLC. All 
system connections with the exception of vacuum pump 
power supplies and some RF field signals are made 
through a break-in panel with pluggable connectors. 
From the break-in panel, vacuum and liquid helium 
signals go to their respective commercial controllers for 
processing. The analog outputs for these, along with the 
signals that are processed by the break-out box, are then 
routed to a series of multilevel terminal blocks. These 
terminal blocks serve as an intermediate distribution point 
between the PLC modules'and the rest of the system. 

Each PLC module is also fitted with a removable 
terminal block. This second group of terminal blocks can 
be bench-wired and then plugged into the front of their 
respective modules. Each removable terminal block and 
module can be manually keyed to insure a correct match. 
The manufacturer claims that removal and installation of 
these terminal blocks can be done under power, but they 
caution that if field side power is applied, this can cause 
arcing at the contact point, which can result in a build-up 
of contact resistance. 

The control rack is designed to be completely portable, 
thus facilitating off-site rack fabrication and, if needed, 
installation following acceptance tests. 

The PLC has the added advantage that it can run 
independently of the user interface should network or PC 
problems arise. 

SOFTWARE 
All programs in this system are running on a PC with a 

Windows 2000 operating system. 

Ethernet 
The Ethernet network interface was chosen for its 

speed, low cost, and broad applications to general 
computer system hardware throughout the commercial 
market. 

Digital Interface and Control Software 
Three principal sets of software are at work here: Allen 

Bradley's RSLogix 5000, Kepware's KepServerEX, [3] 
and National Instruments Lookout [4]. 

PLC Software 
RSLogix 5000 is the programming software for the 

ControlLogix PLC. With this software one can configure 
the I/O modules and program the PLC with a ladder logic 
editor. Through a series of dialogue boxes, one can 
configure I/O modules for current or voltage, 
communication mode, data rate, fault reporting, among 
other things. Through the ladder logic editor, the user 
programs the PLC with familiar terminology. One can 
choose from a variety of instructions ranging from basic 
And/Or to complex mathematics, PID, and motion 
control. Once the program is complete, it can easily be 
verified prior to implementation. The program and 
configuration can then be downloaded to the PLC. 

Some additional PLC software features include fault 
reporting for the crate controller and modules, and wire- 
off detection for the individual module channels. 

OPC Server 
Communication between the PLC and the network 

requires linking software. KepServerEX provides this link 
between the PLC and the user interface at the PC. This 
link is an industry open-specification standard, generally 
known as OPC (Object Linking and Embedding for 
Process Control), that was developed to provide a means 
for different manufactures of hardware and software to 
work together in a seamless manner [5]. Although Allen 
Bradley makes an application called RSLINX that 
provides similar connectivity, KepServerEX was chosen 
due to CESR's previous experience with it and its low 
cost. 

National Instruments Lookout 
For this system, Lookout is the user interface, 

commonly referred to as a human-machine interface 
(HMI) with supervisory control and data acquisition 
(SCADA) capabiUties. Lookout is object based, that is, it 
uses object Unking and embedding (OLE) to make 
connections to and from memory locations, which are 
referred to as tags. Once Lookout is able to communicate 
with the PLC, building the user interface is simple. 
Lookout connects to the PLC through an OPC cUent 
object. Once this object is created, all appropriate tags are 
visible in the Lookout object explorer. For example, to 
create a display for temperature, one opens the object 
explorer and moves down the file tree to the tag that will 
be displayed, then selects the item by right-clicking and 
dragging it to the area of display. Several display 
methods are available; in this case, one would use the 
default which is numeric display. This object can also be 
copied and morphed into another type of display, such as 
a potentiometer or bar graph. 

The SRF cryogenic system status panel is the heart of 
the user interface, shovra in Figure 1. From this panel, 
one can view the entire system and its health. Detailed 
system information that can be displayed encompasses: 
cryogenic system parameters, including liquid helium 
level, helium bath pressure, cryogenic and thermocouple 
temperatures in and on the cryomodule, cryogenic transfer 
line temperature and pressure; vacuum status, including 
cold cathode and Convectron (760 Torr to 1 mTorr); and 
system interlocks. 

Another feature of Lookout is that rendered AutoCAD 
drawings arranged in layers provide a mechanically 
accurate path to view, for instance, historical data and 
alarms for system components. 
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Figure 1: Cryomodule Root Control Panel 

CONCLUSIONS 
The digital cryogenic control system now being used at 

CESR has several advantages over its predecessor. 
The small footprint of the hardware interface is 

convenient. Off-site assembly of the control rack and 
open access to test points makes for easy maintenance of 
the system. The layout of the multilevel terminal blocks 
allows ready access for trouble shooting and general 
testing. It also allows for any reconfiguration or 
modification of the system as CESR's superconducting 
program develops. 

Once the developer becomes familiar with the software, 
building the user interface can be done in a timely 
manner. The HMI is an excellent tool to understand the 
status of the cryomodule because it allows the user to 
locate problem areas quickly As the cryogenic system 
complexity increases, the graphical user interface 
provides visual information that is quickly comprehended 
by the experienced and by those less familiar with the 
SRF cryomodule. 
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AUTOPSY RESULTS OF FAILED LITHIUM COLLECTION LENSES AT 
THE FNAL ANTIPROTON SOURCE* 

P. Hurh*, A. Leveling, FNAL, Batavia, IL 60510, USA 
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Figure 1: Cross-section diagram of Collection Lens Device. Septum conductor tube is shown in blue. 

Abstract 
A lithium lens focusing device is used at the FNAL 

Antiproton Source to collect antiprotons immediately 
downstream of the production target. Recently developed 
methods of removing lithium from old collection lens 
devices have enabled the dissection and autopsy of 
several failed lenses. Examination reveals longitudinal 
fatigue cracks in the titanium alloy (6 Al- 4V) cooling 
jackets. A finite element analysis to estimate stress 
intensity factors expected in the cooling jackets is 
presented and compared to the crack propagation and 
fracture toughness thresholds for Ti 6A1-4V. Results 
presented indicate that crack initiation and propagation at 
the currently estimated service loads are unlikely without 
additional material degradation mechanisms at work. 

INTRODUCTION 
Failures of Collection Lens devices at the AP-0 P-bar 

Target Hall in the past have generally been left un- 
inspected due to the level of residual radioactivity and the 
semi-hazardous nature of lithium metal. Recently 
however the passage of time and development of methods 
to safely remove lithium from a Lens assembly have 
allowed failure investigation [1]. Five Lens assemblies 
have been so 'unfilled' and unassembled. However only 
two assemblies (numbered 20 and 21) have been 
examined in detail. Both Lenses were constructed in 1993 
and failed in service (in 1995) after only a few hundred 
thousand pulses each, both much earlier than what would 
be expected from previous Lenses (lifetimes of several 

*Work supported by the US Department of Energy under contract No. 
DE-AC02-76CH03000. 
*hurh(3,fhal.gov 

million pulses). Both Lenses appeared to fail due to 
breaches in the titanium alloy (Ti 6A1-4V) cooling jacket 
(historically called the septum). 

The cross-section of the Lens assembly and septum is 
shown in Figure I. The septum of a Collection Lens 
serves two functions. Firstly, it contains the structurally 
soft lithium in the cylindrical shape of the central 
conductor. Secondly, it cools the central lithium conductor 
by removing heat deposited by the current pulse and the 
beam pulse from the conductor into a Low Conductivity 
Water (LCW) system. 

The most highly stressed part of the septum is the 
conductor tube. Stresses arise from several loading 
sources such as thermal expansion from the current pulse 
(nearly 500 kA at operating gradient) and the beam pulse, 
magnetic forces from the current pulse, and structural 
loading from clamping bolts and lithium filling pre-load. 
This tube directly contacts the lithium central conductor 
cylinder on its inner radius surface (1 cm radius) and 
directly contacts longitudinally flowing LCW on its outer 
radius surface. The conductor tube wall thickness is 1 
mm. It is this conductor tube of each Lens that was the 
subject of this investigation. 

FAILURE DESCRIPTION 
Conductor tubes of both Lenses appeared to fail due to 

a single longitudinal crack through the wall thickness of 
each tube. This breaching of the septum in each case 
allowed LCW to come in contact with the lithium. Since 
lithium and water react to form lithium hydroxide and 
hydrogen gas exothermically, considerable damage to the 
conductor tube could occur (especially during subsequent 
current pulses). This damage could obscure features of the 
initial tube failure. 
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Fig.  2:  Lens 21   septum    conductor tube  showing 
longitudinal crack and melted through area. 

Fig. 3: Lens 20 conductor tube crack profile. ID surface 
at bottom of picture. Tube wall thickness: 1 mm. 
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%# 

Fig. 4: Von Mises stress equivalent in crack area of 
ANSYS® model. 

In addition, the exit of lithium from the cylindrical 
conductor volume could create voids which may promote 
localized areas of extreme heating or even arcing. Finally, 
both Lenses were stored for long periods of time before 
dissection. Lithium hydroxide solution, present in the 

Lenses over the 6 year period between failure and un- 
filling, may have corroded or otherwise affected septum 
surfaces. 

Macroscopic Features 
Figure 2 shows the conductor tube from Lens 21 with 

the longitudinal crack which is presumed to have occurred 
first. In addition Figure 2 shows a badly burned and, in 
places, melted region at one end of the longitudinal crack. 
The region is continuous around the circumference of the 
tube. The tube wall is actually bulged out in this damaged 
region presumably from internal pressure or a small 
explosion. The titanium alloy appears to have local areas 
of melting (Ti 6A1-4V melting point is 1650 "C). The 
conductor tube from Lens 20 appears very similar to that 
of Lens 21 (including the longitudinal crack) except for 
the absence of the bulged out region. 

Crack Cross-sections 
The conductor tubes of both Lenses were prepared into 

cross-section samples. Figure 3 shows a typical profile of 
the through wall crack. Most of the profiles studied show 
two distinct crack propagation regimes, a region of 
seemingly brittle cyclic crack propagation near the ID 
surface and a region of ductile fracture near the OD 
surface. This indicates that the crack originated on the ID 
surface and progressed cyclically outward. Once the crack 
had progressed far enough to weaken the wall sufficiently, 
the crack progressed rapidly in a ductile fashion to the OD 
surface. In addition in many of the profiles, some 
reduction of area (or necking) can be observed at the OD 
surface indicating considerable plastic deformation before 
complete failure. 

Estimations of the loading just prior to the final ductile 
failure can be made by observing the remaining wall 
thickness just before final rupture. Using a 2-D ANSYS® 
[2] finite element model and a crack depth of 0.65 mm, 
various load magnitudes were investigated. Figure 4 
shows the equivalent stress in the crack area of the model 
under 20 MPa of internal pressure (equivalent to 200 MPa 
of hoop stress). The stress pattern and deformation shape 
are in agreement with the photographed cross-sections. 
Using an ANSYS® routine, KCALC, the stress intensity 
factor for this geometry and loading was calculated to be 
64.5 MPa-m"'°. This can be compared to the fracture 
toughness of mill annealed titanium alloy (6A1-4V) of 
64.9 MPa-m'"^[3]. For comparison, hoop stress in the 
conductor tube pulsed at normal operating gradient (745 
T/m) predicted by a full Lens FEA [4] is 343 MPa. 

Although loads predicted by FEA are large enough to 
agree with observations of the final ductile failure, they 
are not high enough to explain the initial, brittle crack 
propagation. The threshold stress intensity factor for Ti 
6A1-4V below which fatigue crack propagation does not 
occur is 7 MPa-m""l Using a similar FEA crack model, it 
is predicted that an initial crack would have to be 0.15 to 
0.25 mm deep before propagating at a rate high enough to 
fail in the 10E6 cycles range. 
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Micro-cracks 
The cross-section samples were examined under high 

magnification. Micro-cracks on the order of 10 to 20 
microns deep can be seen in Figure 5. The cracks appear 
to be inter-granular and fairly blunted. In addition, there 
are locations near the opening of the large, through crack 
that appear pitted with rice grain shaped voids. All of the 
micro-cracks are on the ID surfaces of the samples. 

The cause of these micro-cracks is not readily apparent, 
although the role they play in initiating fatigue failure 
may be critical. Their appearance may indicate some sort 
of corrosive or embrittlement mechanism, however 
drawing conclusions from such minute indications is 
difficult. In fact the micro-cracks may have been caused 
by chemical reaction and/or electrical arcing after the 
failure of the septa. 

Fracture Surfaces 
The fracture surfaces of Lens 20 were examined with a 

SEM. Figure 6 shows a portion of surface in the brittle 
fracture zone. Note the extremely stratified appearance 
and pervasive micro-cracking. Figure 7 shows a portion of 
the surface in the ductile fracture zone. Note that the 
characteristic ductile dimples are disrupted with a maze of 
micro-cracks. These surfaces appear to be abraded or 
corroded after the original failure, possibly by pulsing, 
arcing, or chemical reaction. Future studies are planned to 
explain these curious features. 

CONCLUSION 
The examinations of failed Collection Lenses 20 and 21 

have revealed that the Lenses' septa failed due to fatigue 
failure. However, fracture features indicate that loads at 
final failure were not great enough to initiate and 
propagate small cracks from the ID surface. Thus the 
loading conditions must have been much more severe 
earlier in service and/or the fatigue was assisted by 
degradation of the structural integrity of the Ti 6A1-4V 
septa material (such as hydrogen embrittlement, stress 

corrosion cracking, or liquid metal embrittlement). In 
addition, small micro-cracks were found on the ID surface 
of the septa conductor tubes which support the latter 
possibility. Autopsies of this type will be conducted on 
several other failed lenses and should include fracture 
toughness testing to identify material degradation. These 
topics are discussed in greater detail in a Fermilab MSD 
Note [5]. 

hS^:i 
Fig. 6: Lens 20 conductor tube brittle fracture surface. 

Fig. 7: Lens 20 conductor tube ductile fracture surface. 

Fig. 5: Lens 21 conductor tube crack profile. Shows 
micro-cracking on ID surface. lOOOx. 
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THE DESIGN OF A DIFFUSION BONDED HIGH GRADIENT 
COLLECTION LENS FOR THE FNAL ANTIPROTON SOURCE* 

P. Hurh*, J. Morgan, R. Schultz, FNAL, Batavia, IL 60510, USA 

Abstract 
Advances in metal joining teclinology have made it 

possible to manufacture a one piece lithium lens design 
utilizing diffusion bonding rather than the current multiple 
piece, electron beam welded lithium lens design. 
Advantages of the new design include fewer lithium seals, 
incorporation of heat treatment with the bonding cycle, 
vastly simpler assembly requirements, and decreased cost 
and manufacturing time. Fatigue testing results are 
presented which indicate that the diffusion bonded joints 
are just as strong as the parent material. Results from a 
first prototype of this new design are presented as well as 
the design of a second prototype. 

INTRODUCTION 
The antiproton source incorporates a lithium lens to 

greatly improve the transmission efficiency of antiprotons 
into the Debuncher ring. A lithium lens is ideally suited 
for capturing the highly divergent antiproton beam 
emanating from the target into a phase space that can be 
transported through a beam-line with magnets of 
conventional dimensions. The lens has a large axial 
current passing through a solid lithium cylinder that 
produces a strong magnet field approximately 
proportional to the radius. The lens also has the advantage 
that it focuses in both transverse planes. The design 
gradient of the 1 cm radius lithium lens was 1,000 T/m 
(10 Tesla surface field). However, operational lenses have 

Lithium Lens Gradient vs. Antiproton Yield 
Debuncher momentum acceptance ±2.0% 

1 10" 

40 60 

Lens Gradient (kG/cm) 

Fig. 1: Lens gradient vs. Antiproton yield (predicted and 
measured) for various transverse acceptances. 
*Work supported by the US Department of Energy under contract No 
DE-AC02-76CH03000. 
*hurh@fnal.gov 

not been able to sustain the design gradient for enough 
pulses to be practical. Lenses at the design gradient have 
failed within days or weeks due to mechanical failures of 
the titanium tube that contains the lithium. Peak stresses 
in the titanium rise rapidly as joule heating is increased. 
Running lenses at reduced gradient has allowed them to 
survive for an acceptable length of time, millions of 
pulses and an operational life of greater than 6 months. 
The penalty for lowering the gradient is less antiproton 
yield due to the reduction in focusing strength. The 
operational gradient of the lithium lens is 745 T/m, which 
is a compromise between service life and performance. 

Beam models and measurements indicate that the 
antiproton yield can be increased by running the lithium 
lens at an increased gradient. Figure 1 shows the predicted 
relationship between antiproton yield and lithium lens 
gradient as a function of transverse acceptance. The ideal 
gradient is dependent on the optics and acceptance of the 
AP-2 Une, but in most cases is around the design of 1,000 
T/m. Operating at 1,000 T/m instead of 745 T/m is 
expected to increase the antiproton yield by about 10% 
with the present AP-2 and Debuncher acceptance, and up 
to 17% after the acceptance is doubled. 

Figure 2 shows a cross-section schematic of the 
currently operating Lens design. The central lithium 
conductor volume is bounded by the Ti 6A1-4V cooling 
jacket (historically called the septum), two beryllium end 
windows and two steel body halves. The entire assembly 
is held together by highly pre-loaded Ti 6A14V bolts 
which provide sealing force to the critical lithium seals 
between the end windows, the body halves and the 
septum. The cylindrically shaped Lens assembly is 
clamped within an 8 to 1 transformer so that it makes up 
the single, secondary circuit. Current enters the lens 
assembly from the transformer contact fingers at the outer 
diameter of the steel bodies. Current passes through the 
steel body into the dumbbell shaped lithium buffer regions 
external to the septum where it is directed into the central 
lithium conductor by the septum. 

The most highly stressed part of the septum is the 
conductor tube. Stresses arise from several loading 
sources such as thermal expansion from the current pulse 
(nearly 500 kA at operating gradient) and the beam pulse, 
magnetic forces, and structural loading from clamping 
bolts and lithium filling pre-load. This tube directly 
contacts the lithium central conductor cylinder on its inner 
surface (1 cm radius) and directly contacts longitudinally 
flowing low conductivity water on its outer surface. The 
conductor tube wall thickness is 1 mm. Failures of past 
Lenses have generally involved the failure of this septum 
conductor tube [1]. The septum is constructed through a 
painstaking electron beam welding process that involves 
several steps of machining, cleaning, etching, baking, and 
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Figure 2: Cross-section diagram of Collection Lens Device. Septum conductor tube is shown in blue. 

radiographic NDE for each weld. This, in conjunction 
with the custom fitting of seal interfaces and the lithium 
filling process, make the construction of the current Lens 
design a lengthy (8-10 months at best) process. 

The goal of designing an improved Lens is to reliably 
construct Lenses capable of a 1,000 T/m focusing gradient 
over a 1 cm radius aperture in a beam environment of 
5E12 protons on target per pulse (at 0.5 Hz pulse 
frequency) without failing in less than 10E6 pulses. 
Practical considerations also limit the geometrical size of 
the Lens assembly such that it fits within the existing 
transformer. It is also desired to increase the ease of 
manufacture and assembly to improve cost, schedule, 
quality assurance and reliability. 

HIGH GRADIENT LENS FEATURES 
At the time of this writing, several design features for a 

high gradient Collection Lens design are being researched 
for possible inclusion in a full-scale, operable prototype 
Lens, hoped to be constructed within the next year. 

Diffusion Bonding 
Diffusion bonding is a process of joining suitably active 

metals using pressure and high temperature in a vacuum 
environment. Figure 3 shows a micrograph of two 
titanium alloy (Ti 6A1-4V) blocks diffusion bonded 
together. Away from the edge of the blocks, grain growth 
across the bond line has been achieved such that material 
strength in the bond area should be that of the parent 
material. Advantages of diffusion bonding in a Collection 
Lens design include ease of construction (one bonding 
step versus many electron beam welds), elimination of 
critical lithium seals (body halves and septum can be of 
one piece construction), and incorporation of water 
cooling into the body halves themselves. Disadvantages 
include precision machining requirements (both pre- and 
post-bond), possibly decreased fatigue strength, and the 
fact that it is an untried technology for this application. 

In order to explore these advantages and disadvantages 
two identical proof-of-principle, small prototypes were 
constructed which utilized diffusion bonding. One was cut 
open to examine bond quality (Figure 4), while the other 
is currently being assembled and filled with lithium for 
test pulsing. In addition, several samples of the central 
critical joint (in the septum conductor tube) were fatigue 
tested and compared to un-bonded parent material 
samples of identical geometry The diffusion bonded 
samples were found to exhibit fatigue endurance limits 
equal to the un-bonded parent samples (approx. 60 ksi, 
R=0.1, greater than 10E7 cycles). Thus diffusion bonding 
is deemed to be a highly promising technology to be 
incorporated in the full-scale prototype. 

For one piece diffusion bonding construction, the Lens 
body halves must be made of titanium alloy rather than 
carbon steel. Although titanium is significantly more 
resistive than steel, diffusion bonding allows the easy 
inclusion of water passages within the body halves for 
increased cooling. Also, the dumbbell shaped lithium 
buffer regions are eliminated in a diffusion bonded Lens. 
This may help constrain the lithium from extruding out of 
the central conductor volume during the magnet pinch, 
but may increase pressure upon the end windows. These 
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Fig. 4: Bonded Lens, before post-bond machining. 

issues will be explored by utilizing finite element analysis 
(FEA) techniques currently being developed [2]. 

Material Upgrades 
A near-beta titanium alloy (Ti 10V-2Fe-3Al) is being 

investigated as a replacement for the currently used alloy 
(Ti 6A1-4V). Ti 10-2-3 possibly possesses significant 
improvements in fatigue endurance limit and fracture 
toughness over Ti 6-4. Solution and age heat treatment 
can be easily incorporated with the diffusion bond process 
to develop optimal properties. Currently fatigue test 
results confirm that the Ti 10-2-3 endurance limit is at 
least 105 ksi (R=0.1, greater than 10E7 cycles) after the 
diffusion bond heat schedule. This can be compared to the 
60 ksi value for Ti 6-4 cited earlier. If diffusion bonding 
of Ti 10-2-3 can be developed to preserve this 175% 
advantage, then significant gains in Lens lifetime may be 
achieved. 

Also being investigated is replacement of conventional 
alumina ceramic insulators with yttria partially stabilized 
zirconia ceramic. (YTZP). In the past, time intensive hand 
lapping of alumina ceramics was required. Preliminary 
tests using YTZP (with its increased flexural strength) 
have shown that these fitting procedures can be entirely 
eliminated. Some disadvantages of YTZP are decreased 

Fig. 5: Conceptual drawing of high gradient Lens 
prototype. 

resistivity (especially at high temperature, 300 - 500 °C) 
and de-stabilization in humid, moderate temperature 
environments (200 °C). For Lens operations, temperatures 
will need to be controlled below these limits. 

Protective Coatings 
Autopsy results of failed Lenses have indicated that 

fatigue failure of the septum conductor tube may be aided 
by some material degradation mechanism such as 
hydrogen embrittlement or stress corrosion cracking [1]. 
In order to protect the critical inner surface of the 
conductor tube from contaminants, an anodizing process 
is being investigated. It is hoped the anodized surface will 
provide a barrier to degradation and simplify assembly 
procedures. Tests are underway to gauge the effect of the 
coating on fracture toughness and fatigue endurance limit. 

Geometrical Changes 
Geometrical changes to the structural components are 

being considered to reduce stresses in critical locations. 
One obvious structural component is the septum 
conductor tube. Increasing its thickness may reduce 
stresses at the expense of higher temperatures in the 
lithium. Unfortunately, preliminary FEA results [2] 
indicate that temperatures in the lithium, during high 
gradient pulsing, near lithium's melting point (180.6 °C). 
Thus, increasing conductor tube wall thickness is not a 
viable option. Other changes, such as shape and size of 
lithium buffer regions are similarly being investigated. 

FUTURE STUDIES 
Figure 5 shows a conceptual design of a high gradient 

diffusion bonded Lens that incorporates some of the 
features described above. Also several improvements are 
being considered that improve efficiency, lower cost and 
increase quality (such as seal re-design and improvements 
to the lithium fill procedure). 

Future research includes using FEA methods to tweak 
Lens geometry, fatigue testing of diffusion bonded and 
anodized Ti 10-2-3 samples, and diffusion bonding a 
YTZP insulator ring directly into the Lens assembly 
(bypassing costly machining steps). The small, proof-of- 
principle prototype Lens is currently undergoing final 
preparations for filling with lithium and should be on the 
test stand during summer '03. Hopefully lessons learned 
from building and testing it will provide us with the 
knowledge and confidence to design and build the full- 
size high gradient Collection Lens prototype this fall. 
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BEAMLINE DESIGN FOR PARTICLE PRODUCTION EXPERIMENT, E907, 
AT FNAL* 
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Abstract 
Experiment 907 at Fermilab will be conducted in the 

Meson Center beam enclosure. The purpose of this 
experiment is to measure cross sections for hadron 
production from nuclear interactions using pions, kaons 
and proton beams in the momentum range from 5 to 120 
GeV/c. Light to heavy targets will be used to study the 
scaling laws of hadronic fragmentation and Ught meson 
and baryon spectroscopy. Design aspects for the 
experiment's beamline are presented. The lattice, in 
particular the secondary beamline design, the primary 
target, and the collimation system are covered. 

INTRODUCTION 
MIPP (FNAL E-907) stands for Main Injector Particle 
Production Experiment. A low-cost experiment, it uses 
existing hardware to measure particle production off 
hydrogen and other nuclear targets including the NuMI 
targets, with excellent initial and final state particle 
identification. The resolution and statistics projected for 
the experimental data represent a significant improvement 
over existing measurements. Analysis of the 
experimental results will provide: 

• A test of the accuracy of and energy range 
over which a general scaling law of 
fragmentation applies given each particle type, 

• A measurement of particle production off 
NuMI targets with sufficient accuracy to 
predict the neutrino spectra at the near and far 
detectors in MINOS, 

• A starting point for the study of the dynamics 
of non-perturbative QCD and its associated 
resonances, 

• A better understanding of the propagation of 
particles in nuclei. 

• Improvement in the predictions of atmospheric 
neutrino fluxes, 

• Advance the design of accelerator-based 
neutrino factories, 

• Improvement of hadronic shower models in 
collider simulation programs (GEANT and 
MARS, for example). 

A key feature of this experiment is the high-precision 
identification of the produced particle species across the 

**Work supported by the Universities Research Association, Inc., 
under contract DE-AC02-76CH00300 with the U.S. Department of 
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entire kinematic range that can be accessed using the 120- 
GeV primary proton beam from the Fermilab Main 
Injector. Precise particle identification is critical to 
accompHsh the goals stated above. The experiment 
achieves nearly complete resolution for Ji, K, and p at a 
the secondary energy from 0.1-120 GeV/c by measuring 
energy loss in a TPC, threshold Cerenkov radiation 
combined with ring-imaged Cerenkov radiation, and time 
of flight. 

Most the experimental beamtime will be spent in survey 
mode running. The secondary beamline (in Meson 
Center) will allow acquisition of data at one rigidity for K, 
and p simultaneously for one sign of the charge. The 
incident secondary beam species will be tagged by 
threshold Cerenkov counters upstream of the 1% 
interaction length experimental (or secondary) target. In 
126 hours of beamtime, one million events will be 
acquired per incident particle species. The momentum 
range from 5-110 GeV/c will be scanned over a set of 
experimental targets that span the periodic table from 
hydrogen to lead. 

Further primary data will be acquired at 120 GeV/c by 
directing the Main Injector primary beam directiy onto the 
NuMI targets. In this way, the pion production spectrum 
can be measured to 1% across the entire range relevant for 
MINOS, which is 1-50 GeV/c. Since kaons are produced 
at approximately 10% of the rate for pions, and both 
exhibit a fairly flat longitudinal spectrum, particle 
identification across this momentom range is critical for 
the measurement. 

THE PRIMARY AND SECONDARY 
BEAMLINES 

The length available to the experiment for primary 
beam control and the secondary beamline totaJs only 
128m, with 41m reserved for the threshold and ring- 
imaging Cerenkovs. Due to enclosure restrictions and the 
need for primary beamline magnets in this section (no 
superconducting magnets are used), the primary portion 
must remain at least 20 m long. Less than 100 meters is 
left to accommodate the necessary secondary line 
optics—optics appropriate for momentum selection and 
which also meet the beam envelope and divergence 
criteria for the experiment. A picture of the physical 
layout of both lines, plan and elevation view, is given in 
Figure 1. 

Primary Beamline Layout 
The primary beamline extends for well over a thousand 

meters through various beam splits back to the Main 
Injector.    Control over primary beam characteristics is 
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established through a focusing quadrupole doublet and 
adjustable coUimators located roughly 300 and 200 m 
upstream of the primary target, respectively. Intensity on 
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Figure 1. The plan and elevation view of the MIPP 
primary and secondary beamlines. 

the primary target will be attenuated by adjusting both 
beam optics and the collimator aperture to achieve lO" 
protons/spill, or less, with a spill occurring about every 
sec into this line from the Main Injector. Control over 
primary optics combined with collimator aperture is 
necessary for proper secondary beamline operation—a 
spot size of ±2 mm (95%) at the primary target must be 
maintained. (This requirement will be discussed further in 
the following section.) The primary line will be tuned and 
collimated accordingly to maintain a consistent spot size 
over a large range in primary intensity. The primary 
intensity will depend on the secondary beam energy and 
desired event rate. 

Secondary Beamline 
Several considerations challenged the design of the 

secondary beamline, a beamline which must 
accommodate both the demanded momentum resolution 
and the precision in particle identification. The former 
requires the momentum-dispersed beam size to be larger 
than the transverse beam size and the latter requires low 
divergence   at   the   Cerenkov   detectors. At   the 
experimental target dispersion must be cancelled to 
contain the spot size on the secondary target and 
associated detectors. 

The challenge in meeting the required momentum 
resolution arose from the fixed civil construction of the 
experimental and beamline enclosures. The primary and 
secondary beamlines are straight horizontally with only a 
slight increase in elevation at the experiment of 0.86 m 
relative to the primary beamline. Significant dipole bend 
fields, or weaker fields but longer distances, are required 
to produce significant separation of beam momenta. In 
the absence of either, only small separation of particles of 
different momentum can be achieved; in the case here 
only 0.3 m of vertical dispersion could be installed in the 
secondary line and still respect the length and height 
constraints. In order to make an accurate momentum cut, 
the transverse beam size must be smaller than the desired 
momentum resolution otherwise particles with momenta 
outside the cut overlap spatially. For this experiment a 
desired momentum resolution was needed of about 1%. 
When combined with the low value of dispersion (a 1% 
change in momentum represents only a 3 mm shift in the 
in particle coordinates), this implied the transverse beam 
size at the momentum cut or collimator must be less than 
or comparable to this shift. Hence, the beam spot size at 
this point must be ~3 mm across, which is less than or 
comparable to the primary target beam size. This 
criterion implies point to point focusing, or slight 
demagnification of the primary beam spot, further 
implying a strong sensitivity to the actual transverse size 
of the beam on the primary target. 

Due to the limitations in length of the secondary 
beamline, the quadrupole focusing in the secondary line is 
strong and achromatic. With a focal length of only about 
10 m at 100 GeV/c, most of the quadrupoles must operate 
at or near their peak fields to achieve the beam sizes 
depicted in Figure 2. The resulting large chromaticity of 
the line limits the momentum window to about 2-3% in 
practice. 

Beamline Lattice Functions 
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Figure   2.   Beamline   lattice   functions:   beam  size  is 
determined using an emittance of 3-57t mm-mr. 

Accurate particle identification further reshicted the 
divergence of the secondary beam to about 0.3-0.5 mr in 
the region of the Cerenkov. When coupled with a beam 
size at the experimental target of about 1 cm in radius, the 
beam emittance which produces an acceptable beam 
envelope is about 3-57t mm-mr.   To restrict the beam 

.. . ^.. 

f\ -^ Betax 

-^ Betay 

• 
-   ' 

^ ' 

i  \       J \      '        ''  '-, 
I    \     / V       I    ' C ^ " 

J^^J^.J^     "^^—^^' 

1447 



Proceedings of the 2003 Particle Accelerator Conference 

envelope it was found necessary to scrape the emittance 
of the secondary beam just after the primary target, and 
before the momentum collimator to this value. The effect 
of secondary absorbers was to reduce significantly the 
ratio of background to signal at the secondary target, 
although at a price of reduced secondary beam intensity. 
The results of extensive simulations of this beamline are 
given in the next section. 

BEAMLINE SIMULATION 
The primary and secondary beamline were designed 

using MAD[1] given the specific beam spot size at the 
primary target and a phase ellipse constrained by the 
needs of the experiment at the Cerenkov and secondary 
targets of 3-571 mm-mr. However, coUimators, 
momentum selection and actual performance of the 
secondary line were simulated in the MARS code[2] 
using the primary beam distribution and secondary 
particle production. The secondary particle distribution is 
ray-traced through the entire beamline locating high loss 
points for radiation shielding design and showing the 
effect of collimation and the size and divergence of the 
beam as it progresses along the secondary line. This 
proved to be a very effective approach to verification of 
the optics design of the Hne. The histograms in Figure 4 
show the performance of secondary beamline for a large 
momentum bite, and for a more restrictive one which 
involves additional phase space collimation. 
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Figure 3. Beam profile on the 1-cm radius secondary 
target as simulated by MARS [2] 

It is interesting to note the effect of a tighter momentum 
bite and scraping or secondary collimation of the beam to 
the design ellipse is to reduce the signal to background 
significantly at the expense of secondary intensity for a 
given primary intensity. Since we are not currently at 
intensity limits for the primary beam, more severe cuts are 
not a problem. 
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Figure 4. Histograms showing the performance of the 
secondary beamline and target for a ±5% dp/p at the 
momentum collimator: the signal and background events 
for a 1 cm radius detection area at the secondary target 
and no secondary collimation (8 x 10 "^ signal protons 
and 10'* background protons are detected for every proton 
on the primary target). The second set of histograms 
show a more restrictive, ±1% dp/p momentum cut, and 
additional collimation in the secondary line. 
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